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One of the most extreme ecological transitions has been the colonization of land by 

fishes. Moving between aquatic and terrestrial environments poses critical challenges for a 

number of processes, including locomotion. The focus of my PhD was to investigate how the 

skeletal muscle of fishes remodels in response to various forms of air-exposure (e.g., constant, 

fluctuating) and determine the functional implications of this plasticity. I used an amphibious 

killifish (Kryptolebias marmoratus) to first test the hypothesis that skeletal muscle remodelling 

in response to constant (28 d) air-exposure is driven by the increased oxygen availability in air. 

Indeed, oxygen was a driver for muscle remodeling on land, as both air-exposure and hyperoxia 

increased (>25%) the size of red muscle fibers in K. marmoratus. Since K. marmoratus can 

survive for weeks on land without food, I then questioned how fish were able to maintain their 

muscle integrity during prolonged periods of air-exposure (21 d). I tested the hypothesis that 

amphibious fishes that remain on land for weeks at a time use metabolic depression as a strategy 

to preserve muscle integrity. My results demonstrated that metabolic depression is important for 

slowing the use of endogenous energy stores by fish on land, including muscle protein. I also 

found that K. marmoratus seek hypoxic microhabitats during prolonged air-exposure that 

accentuate metabolic depression. Given the highly plastic nature of K. marmoratus muscle, I 

then tested the hypothesis that the scope for muscle plasticity is modulated by environmental 
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conditions during early development. I found that fluctuating water-air conditions during 

development attenuated the scope for muscle plasticity in later life. Finally, I was interested to 

understand the broader role of muscle and terrestrial locomotion in facilitating land invasions by 

fishes. I tested the hypothesis that terrestrial exercise would improve spatial cognition in 

amphibious fishes, and enhance neurogenesis in the brain region linked to spatial cognition. I 

found that terrestrial excursions enhanced cognition in K. marmoratus, as both terrestrial 

exercise and air-exposure improved spatial learning abilities. Overall, my thesis integrates 

behavioural, morphological, and physiological perspectives to provide new insights into how 

amphibious fishes successfully colonize and exploit terrestrial habitats.  
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1.1 Introduction 

The colonization of land by fishes represents one of the most extreme habitat transitions 

in evolutionary history. Water and air differ dramatically in their physical properties (e.g., 

density, viscosity), which poses critical challenges for processes such as respiration, osmo- and 

ionoregulation, nitrogen excretion, feeding, and locomotion (Dejours, 1988; Sayer, 2005). These 

challenges suggest that traversing the air-water interface should be difficult for fishes and 

consequently quite rare, yet numerous species have evolved the ability to survive out of water 

(Graham, 1997; Damsgaard et al., 2020). Perhaps the most notable land invasion occurred during 

the Devonian epoch (~400 million years ago), in which early lobe-finned fishes emerged onto 

land before giving rise to land-dwelling tetrapods (Clack, 2002). However, the ability to leave 

water has evolved an additional ~87 times among fishes in the last 65 million years (Fig. 1.1. 

Damsgaard et al., 2020), resulting in >200 extant species of amphibious fish that spend time on 

land as a normal part of their life history (Wright and Turko, 2016).  

Extant amphibious fishes can differ dramatically in their amphibious habits, from the 

duration of their terrestrial excursions to the reason(s) they leave water. Some species live in 

intertidal environments where receding tides force fish out of water for short, but predictable 

periods of time (e.g., Graham et al 1985; Martin, 1995). Others live in tropical regions where 

seasonal droughts can dry aquatic environments for several weeks or months (e.g., Smith, 1931; 

Eldon, 1979). Still others leave water (emerse) voluntarily for brief periods to escape 

unfavourable aquatic conditions (e.g., hypoxia; Regan et al., 2011) or to exploit terrestrial 

resources (e.g., terrestrial food sources; Bhikajee and Green, 2002). In general, amphibious 

fishes that emerse for prolonged periods (weeks to months) tend to remain inactive or dormant 



 

 

3 

 

on land (e.g., lungfish), possibly as a strategy to conserve limited ‘on board’ energy stores 

(Turko et al., 2019; Rossi and Wright, 2020 [Chapter 3]). Conversely, those that make brief 

terrestrial excursions (e.g., mudskippers) tend to remain highly active when out of water and 

exploit terrestrial resources more extensively (Wright and Turko, 2016; Ord and Cooke, 2016).  

 

1.2 Locomotion in terrestrial habitats 

Many amphibious fishes that remain active on land rely on terrestrial locomotion to 

accomplish important daily tasks (e.g., prey capture) (Gordon et al., 1969; Sayer, 2005). 

However, locomotor movement on land is far more difficult than movement in water (Schmidt-

Nielsen, 1972). Air is approximately 800 times less dense than water and 60 times less viscous 

(Dejours, 1988). Thus, fish are effectively weightless in aquatic environments owing to the 

buoyant support of water, but must contend with increased effective body weight on land 

because of the increased apparent force of gravity (Denny, 1993). To facilitate effective overland 

movement, many amphibious fishes have therefore evolved specialized locomotor structures. 

Notable examples include Senegal bichirs (Polypterus senegalas) that ‘walk’ on land using 

modified pectoral fins that appear to work like limbs (Standen et al., 2014), and climbing perch 

(Anabas testudineus) that use modified spikey gill covers to grip the substratum during forward 

movement on land (Davenport and Abdul Matin, 1990). In contrast, many amphibious species 

emerse and remain active out of water no apparent morphological adaptations for terrestrial 

locomotion.  

Amphibious species without terrestrial morphological adaptations produce directed 

movements on land using only the axial skeleton and associated musculature. For instance, 
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amphibious eels use serpentine movements to move overland (Gillis, 2000), and many other 

species (e.g., blennies and killifishes) use jumping behaviours to traverse terrestrial landscapes 

(Minicozzi et al., 2019). Perhaps the best-studied terrestrial jumper is the amphibious mangrove 

rivulus (Kryptolebias marmoratus), which can cover >900 body lengths via repeated jumps 

before reaching exhaustion (A.J. Turko, unpublished data). In K. marmoratus, terrestrial jumping 

involves flexion of the axial body into a C-shape, followed by a body extension which propels 

the fish into a flight path that can span several body lengths (Fig. 1.2; Gibb et al., 2013, Ashley-

Ross et al., 2014). Despite the importance of the skeletal muscle for powering terrestrial 

locomotion in K. marmoratus, and in other species, very few studies that have investigated how 

the skeletal muscle of amphibious fishes responds to terrestrial exposure.  

 

1.3 Skeletal muscle in fishes 

Skeletal muscle is the largest organ system in the body of fishes. Gram for gram, fish 

have more muscle than any other vertebrate, where it can account for more than 50% of an 

individual’s body mass (Bone, 1978). While the intrinsic properties of skeletal muscle are similar 

among vertebrates, the organization of skeletal muscle in fishes is relatively simple. Skeletal 

muscle in fish is layered rather than bundled, and therefore lacks the tendons that connect muscle 

bundles to the bone. Instead, each layer of muscle (myotome) is separated from adjacent 

myotomes with a thin sheet of connective tissue (myoseptum) which is firmly attached to the 

skin and skeleton. The myotomes of teleost fishes are arranged in W-shaped structures (Fig. 1.3) 

and are composed of several smaller units called muscle fibers. Each myotome contains a 

wedge-shaped region lying directly beneath the lateral line where (red) muscle fibers run parallel 
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to the body axis. The remainder of the myotomal muscle fibers (white) are arranged in a helical 

arrangement (Fig. 1.3) (Alexander, 1969, Bone, 1978; Johnston, 1981).  

Fish muscle is generally composed of two distinct fiber types: fast-glycolytic (white) and 

slow-oxidative (red) muscle fibers. White muscle fibers constitute about 90% of skeletal muscle 

in most fishes and are heavily dependent on anaerobic glycolysis for ATP production (Richards 

et al., 2002). White muscle fibers are large in diameter, and tightly packed with myofibrils that 

occupy 75-95% of the fiber volume (Kiessling et al., 2006). White muscle fibers contain low 

mitochondrial densities and a sparse capillary network (Johnston, 1982, Keissling et al., 2006). 

White fibers contract quickly but fatigue rapidly (Altringham and Johnston, 1981, Johnston and 

Salamonski, 1984), and are therefore recruited for burst activity, such as to avoid predators and 

to capture prey (Love, 1970). In contrast, red muscle constitutes about 10% of the skeletal 

muscle of fishes, although fish with more active lifestyles tend to have a higher proportion of red 

muscle (Greer-Walker and Pull, 1973). Red fibers are small in diameter, contain high 

mitochondrial densities, and have a dense capillary network (Sänger and Stoiber, 2001). Red 

muscle fibers are recruited for sustained swimming activities fueled by aerobic metabolism 

(Johnston et al., 1977, Rome et al., 1984), such as long distance migrations. Some species also 

have fast-oxidative (pink) fibers, which are intermediate in form and function to red and white 

fibers (Johnston, 1981).  

 

1.4 Skeletal muscle plasticity 

In fully-aquatic species, both red and white muscle fibers show a high degree of 

phenotypic plasticity. In other words, fishes can modify the structural and metabolic properties 
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of their skeletal muscle to ensure that ecologically-relevant tasks can be performed in the face of 

environmental change. For example, cold-acclimation causes many species to increase their 

muscle mitochondrial content in order to compensate for the deceleration effect of low 

temperature on metabolism (e.g., McClelland et al., 2005). Higher muscle mitochondrial 

volumes can allow fishes to maintain suitable levels of muscle activity at low temperatures for 

feeding and/or reproducing (Sanger, 1993; Guderley, 2004). Over the past few decades, many 

reviews have discussed the impressive plasticity of fish muscle, particularly in response to 

exercise and thermal stress (Guderley, 1990; Johnston, 1993; Sänger, 1993; Moyes and West, 

1995;  Davison, 1997; Watabe, 2002; Guderley, 2004; Johnston, 2006; Kieffer, 2010; 

McClelland, 2012; McClelland and Scott, 2014). 

Changes in environmental O2 availability can also have considerable consequences for 

the muscle phenotype and locomotor performance of fishes. Notably, low dissolved O2 (hypoxia) 

can severely limit endurance swimming because it utilizes red muscle fibers that rely on aerobic 

metabolism for ATP production (McKenzie, 2011). While some species respond to limited O2 

availability by reducing locomotor activity, and consequently ATP demand (e.g., Schurmann and 

Steffensen, 1997), many others initiate compensatory changes to the skeletal musculature to 

maintain aerobic performance (e.g., increased mitochondrial content and capillarity; Johnston 

and Bernard, 1984), or increase their capacity for anaerobic performance (e.g., increased 

glycolytic enzyme activity; Martínez et al., 2006).  

We know far less about skeletal muscle remodeling in response to elevated 

environmental O2 availability, but many fishes encounter oxygenation above normal partial 

pressures (pO2 > 21 kPa; hyperoxia) due to aquaculture practices (Hosfeld et al., 2008; Wu et al., 
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2016) and algal photosynthesis (McArley et al., 2018), as well as elevated O2 concentrations as a 

result of amphibious behaviour (Dejours, 1988; Graham, 1997; Sayer, 2005). Previous research 

from our laboratory found that after 14 days on land, the amphibious K. marmoratus reversibly 

remodeled skeletal muscle towards a more aerobic phenotype (Brunt et al., 2016), possibly 

owing to the higher O2 concentrations in air relative to water [see Chapter 2] . Fish were found to 

significantly increase the size of red muscle fibers, the capillary: red fiber ratio, as well as reduce 

lactate production after jumping on land, which collectively improved terrestrial locomotion 

(Brunt et al., 2016). A major goal of this thesis was to determine the cue for skeletal muscle 

remodeling in K. marmoratus on land [Chapter 2], and determine whether patterns of skeletal 

muscle remodeling differ when fish are exposed to constant versus fluctuating air exposure 

regimes [Chapters 2, 3 and 4]. Throughout this thesis, I explored different types of phenotypic 

plasticity (e.g., developmental plasticity, phenotypic flexibility) and use several terms for 

phenotypic plasticity,  developmental plasticity, and phenotypic flexibility synonymously (e.g., 

phenotypic flexibility and reversible acclimation). Figure 1.4 indicates the definition of major 

each term and its synonyms used throughout the thesis. 

 

1.5 Thesis Overview 

My thesis is comprised of four original studies [Chapters 2, 3, 4 and 5]. In Chapter 2, I 

tested the hypothesis that skeletal muscle remodelling in response to constant air exposure in K. 

marmoratus (initially reported by Brunt et al., 2016) is driven by the increased O2 availability in 

air relative to water. I acclimated fish to either 14 d of air or aquatic hyperoxia to determine 

whether both exposures would result in similar changes to the skeletal muscle. I used three 
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histological stains to assess different aspects of the muscle phenotype, including the number and 

size of red muscle fibers, as well as the aerobic capacity and capillarity of the red muscle. In 

Chapter 3, I questioned how K. marmoratus are able to maintain the integrity of the skeletal 

muscle during period of prolonged air exposure (21 d), despite the inability to eat on land. I used 

behavioural tests, respirometry, histology, and other tissue analyses (e.g., glycogen assay) to 

determine whether metabolic depression is important for slowing the use of endogenous energy 

stores, including muscle protein. In Chapter 4, I was interested to know whether exposure to 

fluctuating air-water conditions during early life would alter the skeletal muscle phenotype of K. 

marmoratus, and if so, how the plastic responses fish exhibit in later life might be affected. I 

reared fish under constant (water) or fluctuating (water–air) conditions until adulthood and 

assessed a suite of traits along the O2 cascade, including the skeletal muscle phenotype and 

terrestrial locomotor performance. To evaluate the capacity for phenotypic flexibility, a subset of 

adult fish from each rearing condition was then air-exposed for 14 days before the same traits 

were measured. Finally, in Chapter 5, I was interested to understand the broader role of skeletal 

muscle in facilitating land invasions by fishes. I tested the hypothesis that terrestrial exercise 

would improve spatial cognition in amphibious fishes, and enhance neurogenesis in the brain 

region linked to spatial cognition (i.e., dorsolateral pallium). I subjected fish to either 8 weeks of 

fluctuating air-water conditions or terrestrial jumping exercise before assessing spatial learning 

using a food reward in a bifurcating T-maze, as well as neurogenesis in the dorsolateral pallium 

by immunostaining for proliferating cell nuclear antigen (PCNA). 
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Figure 1.1. The evolution of amphibious lifestyle traced across the bony fish tree of life. Red 

circles indicate branches where amphibious lifestyle had evolved, and the dashed rings represent 

100‐million‐year periods. This figure was retrieved from Damsgaard et al. (2019). 

 

 

 

 

 

Figure 1.2. Diagram depicting the movement pattern of a terrestrial tail-flip jump by 

Kryptolebias marmoratus. There is a lateral flexion of the body axis into a C-shape (Stage 1), 

and subsequent body extension (Stage 2). This diagram was retrieved from Perlman and Ashley-

Ross (2016). 
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Figure 1.3. Skeletal muscle structure in fish. Diagrams show (A) the lateral view of myotomes 

on fish, (B) the lateral view of myotomes indicating the wedge-shaped region where red muscle 

fibers run parallel along the body axis, (C) dorsal view of muscle fiber arrangement and, D) the 

composition of muscle fibers. Diagrams modifired from (A) Bone (1978), (B) Katz (2002), (C) 

Rome et al. (1988) and, (D) Johnston (2001).  
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Figure 1.4. Phenotypic plasticity encompasses two broad forms of plasticity: developmental 

plasticity and phenotypic flexibility, each with various synonyms that were used throughout this 

thesis. References: 1West-Eberhard (2003); 2Beaman et al. (2016); 3Debat and David (2001).  

 

 

 

 

 

Phenotypic plasticity

The ability of an organism with a given genotype to express 
environmentally-mediated alternative phenotypes1

Developmental plasticity

Phenotypic changes that occur during early 

development with persistent effects on the 

adult phenotype2

Phenotypic flexibility

Reversible phenotypic changes that occur 

during adulthood2

Synonyms: reversible acclimation, 
remodelling

Synonyms: plasticity

Synonyms: developmental canalization3
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2.1 Abstract 

 Skeletal muscle remodeling in response to terrestrial acclimation improves the locomotor 

performance of some amphibious fishes on land, but the cue for this remodeling is unknown. We 

tested the hypothesis that muscle remodeling in the amphibious Kryptolebias marmoratus on 

land is driven by higher O2 availability in atmospheric air, and the alternative hypothesis that 

remodeling is induced by a different environmental or physiological condition that fish 

experience on land. Fish were acclimated to 28 days of air, or to aquatic hyperoxia, hypercapnia, 

hypoxia, elevated temperature or fasting conditions. Air, fasting and hyperoxic conditions 

increased (>25%) the size of oxidative fibers in K. marmoratus while hypoxia had the reverse 

effect (23% decrease). Surprisingly, hyperoxia acclimation also resulted in a transformation of 

the musculature to include large bands of oxidative-like muscle. Our results show that K. 

marmoratus is highly responsive to environmental O2 levels and capitalizes on O2-rich 

opportunities to enhance O2 utilization by skeletal muscle. 

 

2.2 Introduction 

The physical disparities between air and water make locomotory movement on land far 

more difficult than movement in water (Schmidt-Nielsen, 1972). Nevertheless, there are >200 

extant species of amphibious fish that leave water (i.e., emerse) and spend time on land as part of 

their natural history (Gordon et al., 1969; Ord and Cooke, 2016; Wright and Turko, 2016). When 

on land, amphibious fishes must be mobile to exploit terrestrial resources, find refuge from 

predation and desiccation, and eventually return to water (Sayer, 2005). Thus, skeletal muscle 
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plays an important role in locomotion on land (Cediel et al., 2008; Brunt et al., 2016; Du and 

Standen, 2017).  

Skeletal muscle is one of the most phenotypically plastic tissues in the body of fishes 

(Sänger, 1993). It is generally composed of two anatomically and functionally distinct fiber 

types: slow-oxidative (red) and fast-glycolytic (white) fibers that use aerobic and anaerobic 

pathways, respectively, for ATP production. In some species, fast-oxidative (pink) fibers – 

intermediate between red and white fibers – are also present (Johnston, 1981). Fishes can modify 

structural and metabolic properties of skeletal muscle in response to changes in demand and the 

environment to bring their phenotype closer to a functional optimum (Johnston, 2006; 

McClelland and Scott, 2014). For instance, the amphibious Polypterus senegalus use their 

pectoral fins to swim slowly in water, but when emersed, the pectoral fins are often used to 

generate rapid bursts of power (Standen et al., 2014, 2016). When reared in a terrestrial 

environment, P. senegalus possess a greater proportion of glycolytic fibers in the pectoral 

muscles than aquatically reared fish, which is thought to improve muscle function for locomotion 

on land (Du and Standen, 2017). A recent study from our laboratory showed that the amphibious 

Kryptolebias marmoratus reversibly remodeled skeletal muscle towards a more aerobic 

phenotype (i.e., increased the total cross-sectional area of oxidative muscle via hypertrophy) 

after 14 days of emersion, despite being fasted and inactive (Brunt et al., 2016). This change in 

muscle phenotype was positively correlated with terrestrial locomotor performance. Air-

acclimated K. marmoratus also generated less lactate during locomotion than their water-

acclimated cohorts. What drives changes in muscle phenotype in K. marmoratus out of water? 
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One potential cue for muscle remodeling is the higher O2 availability in atmospheric air that 

allows for enhanced O2 utilization during terrestrial locomotion. 

In the present study, we tested the hypothesis that the hypertrophic growth of oxidative 

skeletal muscle fibers in K. marmoratus acclimated to air is driven by higher environmental O2 

availability. Even with the same partial pressure of O2 (pO2), O2 availability is higher in air than 

in water, both because the diffusivity of O2 in air is ∼8000 times greater and because the 

concentration of O2 in air is ∼30 times higher than that of water. Both factors result in much 

thinner boundary layers and steeper pO2 gradients next to the respiratory surface of animals in air 

(Dejours, 1988). The hypothesis predicts that the muscle phenotype of fish exposed to aquatic 

hyperoxia would closely resemble that of air-acclimated fish. There are also several 

physiological challenges that K. marmoratus experiences on land that could serve as cues for 

muscle remodeling, given the highly plastic nature of skeletal muscle. For example, the loss of 

gill function on land, and the low solubility of CO2 in air relative to water, results in the 

accumulation of CO2 in the body (i.e., hypercapnia), which leads to respiratory acidosis (Wright 

and Raymond, 1978; Daxboeck and Heming, 1982; Heisler, 1982). Hypoxemia may also occur 

initially when gills become non-functional until modifications are made to enhance the uptake of 

atmospheric O2. Moreover, fish may be challenged by higher ambient air temperature relative to 

water (Tytler and Vaughan, 1983; Gibson et al., 2015), particularly with direct solar radiation 

(Graham et al., 1985). Some amphibious fishes have been shown to lower their body temperature 

below that of ambient air through evaporative water loss from moist skin, but high-humidity 

environments (e.g., tropics) can significantly reduce the capacity for evaporative cooling (Tytler 

and Vaughan, 1983; Gibson et al., 2015). Fasting could also be a cue, as many amphibious fishes 
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rely solely on intrinsic energy stores to maintain routine metabolic functions during emersion, 

because, as suction feeders, they require water to swallow food (Alexander, 1970; Ferry-Graham 

and Lauder, 2001). Thus, we tested the alternative hypotheses that the cue for muscle remodeling 

during emersion is hypercapnia, hypoxemia, elevated temperature and/or fasting. We acclimated 

K. marmoratus to 28 days of air, or one of the following aquatic exposures: hyperoxia (pO2=41.8 

kPa), hypercapnia (pCO2=5.1 kPa), hypoxia (stepwise decrease to pO2=4.1 kPa), a 5°C increase 

in temperature and fasting conditions. The cross-sectional area (CSA), the number of fibers, the 

number of capillaries and the staining intensity of succinate dehydrogenase (SDH) of oxidative 

skeletal muscle at the lateral line was measured. 

 

2.3 Methods 

Experimental animals 

All experimental fish were adult hermaphrodites of the self- fertilizing (50.91 strain; 

Tatarenkov et al., 2010) K. marmoratus (Poey 1880) (0.13±0.03 g, mean±s.d.). Prior to 

experiments, fish were individually maintained in 120 ml plastic holding cups (∼60 ml water, 

15‰ salinity, 25°C) in the Hagen Aqualab at the University of Guelph on a 12 h:12 h light: dark 

cycle (Frick and Wright, 2002). Fish were fed live Artemia sp. three times weekly. All 

experimental procedures were approved by the University of Guelph Animal Care Committee 

(AUP 3891). 
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Experimental protocol 

Fish were exposed for 28 days to one of seven treatments: control, hyperoxia, hypoxia, 

elevated CO2, elevated temperature, air or fasting. In all experiments, fish were individually 

maintained in plastic holding cups (120 ml) with ∼60 ml water. All experiments were conducted 

in brackish water (15‰), except for elevated temperature and hypoxia acclimations, which were 

conducted in well water (0.2‰; Platek et al., 2017) to accommodate a separate study (Turko et 

al., 2020). Control fish were compared at both salinities (0.2‰ n=15, 15‰ n=14) and muscle 

parameters were not statistically different (ANOVA; P>0.27). Thus, control fish from each 

experiment were combined into a single group. In all experiments, except the air-exposed and 

fasted groups, fish were fed Artemia sp. three times weekly. At the end of each experiment, fish 

were killed in tricaine methanesulfonate (MS222; 500 mg l−1), weighed and the standard length 

measured. Body condition (Fulton’s K) was determined using mass and standard length 

measurements as described by Froese (2006). A ∼3 mm transverse steak immediately anterior to 

the dorsal fin was removed, coated in embedding medium (Shandon Cryomatrix™, Fisher 

Scientific, Hampton, NH, USA), frozen in liquid nitrogen- cooled isopentane and stored at 

−80°C. 

 

Hyperoxia 

Hyperoxia (pO2=41.8 kPa) acclimation was achieved by placing fish (0.14±0.04 g) in 

hyperoxic water for 28 days maintained at 25°C (15‰). Fish were individually maintained in 

perforated plastic holding cups (120 ml) that filled to ∼60 ml when resting in a 20 l tank. 

Hyperoxia was maintained by continuously bubbling compressed O2 into the 20 l tank. 
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Normoxic (control) fish were held in an identical apparatus and aerated with air. In a follow-up 

experiment to examine an unusual skeletal muscle response to hyperoxia in K. marmoratus, we 

compared K. marmoratus (0.12±0.01 g) and a closely related non-amphibious freshwater guppy 

Poecilia wingei Poeser Kempkes and Isbrücker 2005 (0.16±0.18 g) held in hyperoxic or 

normoxic (control) water (0.2‰) for 21 days. Oxygen levels were measured periodically in all 

experiments and were always between 36.0 and 46.2 kPa for hyperoxia acclimation, and between 

19.5 and 20.5 kPa for control (Hach LDO101 electrode connected to Hach HQ30d meter, Hach 

Company, Mississauga, ON, Canada). 

 

Hypercapnia 

Hypercapnia (pCO2=5.1 kPa) acclimation was achieved by placing fish in individual 

holding cups with ∼60 ml of water in a CO2 incubator (Innova 4230, New Brunswick Scientific, 

Edison, NJ, USA) for 28 days (25°C, 15‰; Robertson et al., 2015). In an earlier experiment, we 

determined that a water pCO2 of 5.1 kPa results in a whole-body pCO2 of ∼4 kPa in K. 

marmoratus – the same pCO2 as air-acclimated fish (C. Robertson, A.J.T. and P.A.W., 

unpublished). Control fish were also maintained in plastic individual holding cups with ∼60 ml 

of water (25°C, 15‰). 

 

Hypoxia 

Kryptolebias marmoratus (0.17±0.01 g) were held for 28 days in hypoxic or normoxic 

(control) water maintained at 25°C (0.2‰). Fish were individually maintained in perforated 

plastic holding cups that rested in a 20 l tank where the O2 level was reduced from 50% 
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(pO2=10.3 kPa) to 20% (pO2 =4.1 kPa) air saturation by 10% decrements weekly with N2. The 

appropriate O2 level was maintained using an automated oxygen control system (OXY- REG, 

Loligo Systems, Viborg, Denmark). Normoxia (control) was maintained as above. Oxygen levels 

were verified periodically as for the hyperoxia experiments (see above). 

 

Temperature 

Fish (0.12±0.02 g) were individually placed in perforated plastic holding cups resting in a 

20 l tank. Water temperature in the 20 l tank was maintained with an aquarium heater at either 30 

or 25°C (control) for 28 days (0.2‰) and periodically verified with a thermometer. 

 

Air and fasting 

Air acclimation was achieved by placing fish (0.13±0.02 g) on moist filter paper (15‰) 

in individual holding cups as previously described (Ong et al., 2007). Kryptolebias marmoratus 

are unable to eat out of water (Pronko et al., 2013) and therefore an additional group of fish 

(0.13±0.01 g) were fasted in water for 28 days (25°C, 15‰). 

 

Analysis 

Frozen muscle steaks were cut into 9 μm transverse sections in a cryostat (Leitz Cryostat 

Microtome, Labequip Ltd, Markham, ON, Canada) at −20°C, mounted on Superfrost Plus slides 

(Fisher Scientific), and stored at −80°C until staining. Oxidative muscle fibers were identified by 

staining for slow myosin using a mouse IgA primary antibody (S58; Developmental Studies 

Hybridoma Bank, Iowa City, IA, USA) as previously described (Johnston et al., 2004). Thus, if 
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fast-oxidative (pink) muscle is present in this species, it was not included in the analysis. An 

alkaline phosphatase (AP) stain was used to visualize capillaries in the oxidative muscle, and a 

succinate dehydrogenase (SDH) stain was used as a proxy for the aerobic capacity of oxidative 

muscle (Borowiec et al., 2015; Brunt et al., 2016). All stained slides were viewed using an 

epifluorescence microscope (Nikon Eclipse 90i microscope, Nikon, Tokyo, Japan) and 

photographed using NIS Elements software (Nikon). Slides were randomized to reduce 

observational bias and analyzed using ImageJ (http://imagej.nih.gov/ij/). Fluorescent slow 

myosin-stained sections were used to quantify the total number of oxidative fibers on one lateral 

half of each fish. Thirty of these fibers were randomly selected for cross-sectional area (CSA) 

measurements. The total CSA of oxidative muscle (in one lateral half) was determined by 

multiplying the number of oxidative fibers by the average size of the 30 random fibers. The size 

of individual oxidative fibers and the total CSA of oxidative muscle were standardized to 

standard length to account for variation in body size as there were no differences in standard 

length across treatment groups (P=0.12). Using the AP- stained slides, capillaries in contact with 

oxidative fibers were counted and reported as a capillary: oxidative fiber ratio. The SDH staining 

intensity was determined by circumscribing a square (500 µm2) over the oxidative muscle 

(centered over the horizontal septum) and using ImageJ to calculate the integrated density within 

the square. The nearby glycolytic muscle showed non-specific background staining, and 

therefore the integrated density of glycolytic muscle was subtracted from that of the oxidative 

muscle. 
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Statistics 

All data were assessed for normality and homogeneity of variance using Shapiro–Wilk 

and Bartlett’s tests, respectively. One-way analyses of variance (ANOVA), followed by Tukey 

post hoc tests, were used to determine the effect of each experimental acclimation on the number 

of oxidative fibers, the size of individual oxidative fibers, the total CSA of oxidative muscle and 

the capillary: oxidative fiber ratio. Non-parametric Kruskal–Wallis tests, followed by Dunn’s 

post hoc tests, were used to determine the effect of each experimental acclimation on SDH 

staining intensity and on Fulton’s K, as normality and homogeneity of variance assumptions 

were violated. Unpaired t-tests were used to determine the effects of hyperoxia acclimation on 

the percentage CSA occupied by oxidative and oxidative-like muscle in K. marmoratus and P. 

wingei relative to their respective controls. Significance was designated at α=0.05. 

 

2.4 Results 

 Oxidative muscle at the lateral line showed the typical triangular shape with slow myosin, 

AP and SDH markers (Fig. 2.1A–C). The total CSA of oxidative muscle at the lateral line was 

significantly larger in fasted, hyperoxia- and air-acclimated fish relative to controls (Tukey; 

P<0.01) (Fig. 2.2A). In contrast, the CSA of oxidative muscle in hypoxia-acclimated fish was 

smaller than that of control fish (Tukey; P<0.01; Fig. 2.2A). The size of individual oxidative 

fibers showed the same significant changes (ANOVA; P<0.01; Fig. 2.2B). There was no 

significant difference in the number of oxidative fibers across treatment groups (ANOVA; 

P=0.29; Fig. 2.2C). The capillary: oxidative fiber ratio was not significantly different across 

treatment groups (ANOVA; P=0.42; Fig. 2.S1A), nor was SDH staining intensity different in 
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fasted, or air-, hypercapnia-, warm temperature- or hypoxia-acclimated fish relative to control 

(Dunn’s test; P>0.05). However, fish acclimated to hyperoxia showed significantly higher SDH 

staining intensity than control fish (Dunn’s test; P=0.03) (Fig. 2.S1B). There was no significant 

difference in Fulton’s K between treatment groups relative to control (Dunn’s test; P>0.05), but 

hypoxia-acclimated fish had a higher Fulton’s K than warm temperature-acclimated fish (Dunn’s 

test; P<0.05) (Fig. 2.S2). 

Unusual bands of oxidative-like muscle were noted in K. marmoratus dorsal and ventral 

to the lateral line with hyperoxia acclimation (Fig. 2.3A). Oxidative-like fibers were not 

statistically different in size (3.2±0.3 µm2 mm-1) from oxidative fibers at the lateral line (2.6±0.4 

µm2 mm-1; Tukey; P=0.11), but were significantly smaller than glycolytic fibers (80.3±8.0 µm2 

mm-1; Tukey; P<0.01). Several attempts to stain with SDH and slow myosin markers were only 

partially successful, and therefore we use the term ‘oxidative-like’ muscle. There was no 

evidence of oxidative-like muscle bands in P. wingei following hyperoxia acclimation (Fig. 

2.3B). There was a 7-fold increase in the percentage CSA occupied by oxidative and oxidative-

like muscle in K. marmoratus relative to control (t-test; P=0.01; Fig. 2.3C). 

 

2.5 Discussion 

 We hypothesized that the hypertrophic growth of oxidative skeletal muscle fibers in K. 

marmoratus acclimated to air is driven by higher environmental O2 availability. Indeed, 

hypertrophy in oxidative muscle at the lateral line in response to aquatic hyperoxia closely 

resembled the response to air acclimation. Hyperoxia acclimation also increased the SDH 

staining intensity in K. marmoratus, suggesting that high environmental O2 increases the aerobic 
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capacity of skeletal muscle in these fish. Moreover, aquatic hyperoxia caused a transformation of 

the musculature to include discrete bands of oxidative-like muscle in K. marmoratus, but not in 

the closely related aquatic species P. wingei. To the best of our knowledge, these additional 

bands of oxidative muscle have not been reported in any other species. Thus, the amphibious K. 

marmoratus is highly responsive to environmental O2 levels and may capitalize on O2-rich 

opportunities (e.g. air, aquatic hyperoxia) to enhance O2 utilization. The fact that hypoxia 

induced the reverse response in K. marmoratus, i.e. reduced oxidative muscle fiber size, also 

underlines the O2 sensitivity of skeletal muscle in this species. 

Environmental O2 availability is known to induce phenotypic changes in the skeletal 

muscle of many fishes. Chronic hypoxia typically causes a decrease in oxidative fiber size and 

the aerobic capacity of skeletal muscle, reducing the rate of O2 utilization (for reviews, see 

Sänger, 1993; McClelland and Scott, 2014). In contrast, when the amphibious Japanese 

mudskipper Periophthalmus modestus was acutely exposed to aerial hyperoxia during 

terrestrial exercise, it showed improved endurance, suggesting enhanced O2 utilization by the 

skeletal muscle at higher environmental O2 levels (Jew et al., 2013). But whether P. modestus or 

other mudskippers remodel skeletal muscle during terrestrial sojourns remains unknown and 

worthy of study. 

We also found evidence for the alternative hypothesis that fasting conditions caused the 

skeletal muscle phenotype observed in air- acclimated K. marmoratus. However, the reason why 

fasting elicits this change in muscle phenotype is unclear. Prolonged fasting in animals often 

leads to a loss in muscle protein but a concomitant increase in water content (McCue, 2010). In 

fact, some animals are so effective at replacing lost tissue with water that there is no net change 
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in body mass with prolonged starvation (Marsden et al., 1973; Comoglio et al., 2004). It is 

unlikely, however, that the increase in oxidative fiber size in response to fasting in our study 

resulted from an increase in muscle water content because we observed no change in glycolytic 

fiber size. Alternatively, functional prioritization of oxidative muscle may have occurred as 

several fishes maintain the integrity of oxidative fibers during prolonged fasting by preferentially 

atrophying tissues with a lower functional priority for energy (Greer- Walker, 1971; Beardall and 

Johnston, 1983; Simpkins et al., 2003). The increase in oxidative muscle in K. marmoratus in 

response to fasting may, therefore, reflect a reallocation of energy from lower priority tissues 

(e.g. gut) to ensure effective locomotor performance is maintained. Additionally, if blood flow is 

reallocated towards skeletal muscle, then muscle O2 levels may be elevated, leading to O2- 

induced muscle remodeling – an idea that requires further exploration. 

 

Perspectives 

 Enhanced O2 utilization on land and improved terrestrial locomotion are hypothesized to 

have fueled the diversification and ecological radiation of early tetrapods (Graham et al., 1995). 

The vertebrate transition to land was accompanied by radical changes in skeletal muscle 

structure, from anatomical separation of muscle fiber types in fishes to muscles with mixed and 

more diverse fiber types in tetrapods (Schilling, 2011). The reason why tetrapod muscles differ 

from the ancestral state remains unresolved but several hypotheses have been proposed 

(Schilling, 2011; Forgan and Forster, 2012). One hypothesis suggests that the evolution of mixed 

muscle fibers in tetrapods is related to the higher O2 availability on land (O2 availability 

hypothesis), which allowed for increased tissue complexity and metabolic rate (Forgan and 
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Forster, 2012). Sometimes, phenotypically flexible responses in amphibious fishes recapitulate 

the evolution of constitutively expressed traits in tetrapods (e.g. Standen et al., 2014). Here, we 

show that aquatic hyperoxia – typical of eutrophic ponds or tide pools – and air provide a 

stimulus for enhanced skeletal oxidative capacity and tissue complexity, providing evidence for 

the O2 availability hypothesis. 
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2.7 Figures 

 

Figure 2.1. Representative images of Kryptolebias marmoratus oxidative skeletal muscle at the 

lateral line. (A) Fluorescent slow myosin, (B) alkaline phosphatase and (C) succinate 

dehydrogenase markers. Scale bars: 100 µm. 
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Figure 2.2. Characteristics of Kryptolebias marmoratus oxidative skeletal muscle at the lateral 

line. Fish were acclimated to control (n=30), air (n=9), fasted (n=8), hypercapnic (n=8), warm 

(n=8), hypoxic (n=7) or hyperoxic (n=10) conditions for 28 days. (A) The total cross-sectional 

area of oxidative muscle relative to body length. (B) The average size of individual oxidative 

muscle fibers relative to body length. (C) The total number of oxidative muscle fibers. Data are 

means ± s.e.m. Letters denote significant differences between treatments (P<0.05). 
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Figure 2.3. Comparison of skeletal muscle of amphibious K. marmoratus and non-amphibious 

Poecilia wingei. Digitized cross-sections of (A) control (left) and hyperoxia-acclimated (right) 

K. marmoratus showing a thick band of oxidative-like muscle, and (B) control (left) and 

hyperoxia-acclimated (right) P. wingei. (C) The percentage cross-sectional area (CSA) in K. 

marmoratus and P. wingei occupied by oxidative and oxidative-like muscle in control fish (n=4, 

4) and following hyperoxia acclimation (n=5, 4). Data are means ± s.e.m. Asterisks denote 

significance (**P<0.01). Scale bars: 500 µm. 
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2.8 Supplemental Material 

 

Figure 2.S1. Characteristics of K. marmoratus oxidative skeletal muscle at the lateral line. Fish 

were acclimated to control (n=30), air (n=9), fasted (n=8), hypercapnic (n=8), warm (n=8), 

hypoxic (n=7) or hyperoxic (n=10) conditions for 28 days. (A) Capillary: oxidative fiber ratio. 

(B) Succinate dehydrogenase (SDH) staining intensity (arbitrary units; a.u.). Means ± s.e.m. 

Letters denote significance detected between treatments (P<0.05).  
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Figure 2.S2. Fulton’s K of K. marmoratus acclimated to control (n=30), air (n=9), fasted (n=8), 

hypercapnic (n=8), warm (n=8), hypoxic (n=7) or hyperoxic (n=10) conditions for 28 days. 

Letters denote significance detected between treatments (P<0.05).  
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3.1 Abstract 

 Several animals enter a state of dormancy to survive harsh environmental conditions. 

During dormancy, metabolic depression can be critical for economizing on limited endogenous 

energy reserves. We used two isogenic strains (strain 1 and strain 2) of a self-fertilizing 

amphibious fish (Kryptolebias marmoratus) to test the hypothesis that animals seek hypoxic 

microhabitats that, in turn, accentuate metabolic depression during dormancy. Using custom- 

built tunnels that maintained a longitudinal O2 gradient (hypoxic to normoxic), we assessed the 

O2 preference of K. marmoratus during prolonged air exposure. In support of our hypothesis, we 

found that one isogenic strain (strain 2) spent more time in hypoxia compared with normoxia 

after 21 days in air. Prolonged air exposure in both strains resulted in lower O2 consumption 

rates compared with active fish (35% depression), which was accentuated (51% depression) 

when fish were exposed to aerial hypoxia acutely. We then tested the hypothesis that chronic 

aerial hypoxia acclimation would protect endogenous energy reserves and skeletal muscle 

integrity, thereby maintaining locomotor performance, possibly owing to hypoxic 

hypometabolism. We found that air-acclimated fish from both strains were in poorer body 

condition relative to fish acclimated to aerial hypoxia. Furthermore, aerial hypoxia acclimation 

minimized glycogen usage (strain 1), lipid catabolism (strain 2) and white muscle atrophy (strain 

2), as well as preserved terrestrial locomotor performance compared with fish in air (strain 2). 

Overall, our findings suggest that some K. marmoratus strains seek microhabitats that accentuate 

metabolic depression during dormancy, and that microhabitat O2 availability may have 

significant implications for energy metabolism, and the structure and function of skeletal muscle. 
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Furthermore, the differential responses between isogenic strains suggests that genetic factors also 

contribute to phenotypic differences in the emersion behavior and physiology of this species. 

 

3.2 Introduction 

Several animals enter a state of dormancy to survive harsh environmental conditions, 

including periods of prolonged cold or drought. During dormancy, animals remain inactive and 

have no external food supply; thus, a common feature of dormancy is the depression of 

metabolic rate to conserve limited endogenous energy reserves until the return of environmental 

conditions favorable for active life (for reviews, see Storey and Storey, 1990, 2012; Guppy and 

Withers, 1999). A true metabolic rate depression involves an active downregulation of cellular 

energy (ATP) turnover below the standard level (SMR; standard metabolic rate) (Storey, 2002), 

which supports only the essential homeostatic activities of cells and whole organisms (Hulbert 

and Else, 2004). Here, we use metabolic depression to describe a reduction in metabolic rate 

below the routine level (RMR; routine metabolic rate). The extent to which animals depress 

metabolic rate gives a proportional extension to the time they can survive using endogenous 

reserves (Storey and Storey, 1990; Boutilier et al., 1997). Consequently, a considerable 

metabolic depression is necessary for animals that remain dormant for many months (Hochachka 

and Guppy, 1987). For example, long-neck turtles (Chelodina rugosa) can survive seasonal 

droughts lasting 4–5 months by depressing metabolic rate by approximately 70% (Kennett and 

Christian, 1994), whereas African lungfish (Protopterus aethiopicus) can tolerate drought for 

years by depressing metabolic rate by 80–90% (Fishman et al., 1992).  
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Animals, both active and dormant, rely primarily on lipid and/or carbohydrate catabolism 

to satisfy energy (ATP) demands, while proteins are generally used as a fuel of last resort (Dark, 

2005; McCue, 2010). For example, the common frog (Rana temporaria) was found to 

preferentially catabolize lipids during the first 40 days of hibernation, and progressively shifted 

to exclusive carbohydrate metabolism by 90 days (Donohoe et al., 1998). If dormant animals 

exhaust lipid and carbohydrate reserves, they must rely on protein catabolism to meet energy 

demands (Castellini and Rea, 1992; Caloin, 2004). However, extensive protein catabolism is 

problematic because it can result in skeletal muscle atrophy, which can be exacerbated by disuse 

during dormancy. Any muscle atrophy during dormancy is detrimental for animals upon arousal, 

when normal muscular activity must be resumed (Hudson and Franklin, 2002a,b). Impaired 

locomotor performance can threaten foraging ability, reproductive success, predator avoidance 

and, ultimately, survival. 

Metabolic rate and fuel usage in dormant ectotherms will be affected by the microhabitat. 

For example, microhabitats with elevated temperatures can expedite substrate utilization and lead 

to skeletal muscle atrophy (Young et al., 2011). In contrast, microhabitat conditions that support 

metabolic depression may aid in skeletal muscle preservation. Hypoxic conditions, for example, 

have been reported to depress metabolism in a number of ectothermic animals (Boutilier et al., 

1997; Hicks and Wang, 1999). For animals that remain dormant for extended periods of time, 

hypoxic hypometabolism would assist in skeletal muscle maintenance if it accentuates metabolic 

depression and protects endogenous energy reserves from premature exhaustion. Thus, do 

animals seek hypoxic microhabitats during dormancy that, in turn, maximally depress metabolic 

rate?  
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We used the amphibious mangrove rivulus (Kryptolebias marmoratus) to examine this 

question because they inhabit tropical mangrove swamps that desiccate for several 

months during the dry season. During seasonal droughts, K. marmoratus can survive out of water 

(emersed) for more than 60 days (Taylor, 1990; Turko et al., 2019), despite the inability to eat on 

land (Pronko et al., 2013). Although the definition of estivation is not clear cut, K. marmoratus 

remain largely inactive (Turko et al., 2017) and, like estivating animals, enter a hypometabolic 

state where RMR is depressed by more than 40% after 21 days in air (Turko et al., 2019). When 

on land, K. marmoratus are often found nestled within the termite tunnels of rotting logs (Taylor 

et al., 2008) that may be hypoxic (12–14% air saturation; Anderson and Ultsch, 1987). Several 

other ectothermic animals can similarly be found in potentially hypoxic habitats during periods 

of dormancy, including fish (Smith, 1931; Chew et al., 2004), amphibians (Ruibal and Hillman, 

1981; Etheridge et al., 1990; Boutilier et al., 1997; Stewart et al., 2003; Booth 2006) and reptiles 

(Kennett and Christian, 1994; Markle and Chow-Fraser, 2017) that estivate/ hibernate within 

subterranean burrows or beneath the ice of frozen lakes. Thus, we used K. marmoratus to test the 

hypothesis that animals seek hypoxic microhabitats during periods of dormancy that, in turn, 

accentuate metabolic depression. The hypoxic habitat hypothesis predicts that K. marmoratus 

will preferentially occupy hypoxic rather than normoxic microhabitats during periods of 

prolonged air exposure. Fish were placed in custom experimental choice chambers that 

maintained an O2 gradient (normoxic to hypoxic) to determine the preferred O2 level of fish out 

ofwater. If fish select hypoxic microhabitats when on land, then exposure to aerial hypoxia 

acutely should result in a more profound metabolic depression than results from aerial normoxia 

exposure. Thus, we measured the O2 consumption rate of water- (control) and air- acclimated (21 
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days) fish in aerial normoxia, as well as the O2 consumption rate of air-acclimated fish acutely 

exposed to aerial hypoxia. We then tested the hypothesis that chronic hypoxia acclimation in air 

would protect endogenous energy reserves and skeletal muscle integrity, thereby maintaining 

locomotor performance. The hypothesis predicts that K. marmoratus acclimated to aerial 

hypoxia will deplete energy stores more slowly, demonstrate less skeletal muscle atrophy and 

have better locomotor performance than fish acclimated to aerial normoxia, presumably owing to 

hypoxic hypometabolism. We measured the whole-body [glycogen] and lipid content in fish 

acclimated to water (control), air and aerial hypoxia for 21 days. The cross-sectional area of red 

and white muscle fibers was also measured, as well as terrestrial locomotor performance (tail-flip 

jumping). 

 

3.3 Methods 

Experimental animals 

All experimental fish (n=235, 0.088±0.002 g) were adult hermaphrodites of the self-

fertilizing Kryptolebias marmoratus Poey 1880. We performed all experiments in duplicate on 

two isogenic strains: strain 1 (SLC8E, from St Lucie County, FL, USA) and strain 2 (50.91, from 

Twin Cayes, Papa Gabriel, Belize) (Tatarenkov et al., 2010). Prior to experiments, fish were 

individually maintained in 120 ml plastic holding cups (60 ml water, 15‰ salinity, 25°C) in the 

Hagen Aqualab at the University of Guelph on a 12 h:12 h light: dark cycle (Frick and Wright, 

2002). Fish were fed live Artemia sp. nauplii three times weekly. All experimental procedures 

were approved by the University of Guelph Animal Care Committee (AUP 3891). 
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Experimental protocol 

 Three series of experiments were conducted: (1) a behavioral experiment to determine the 

environmental O2 preference of K. marmoratus out of water during a 21 day air exposure period, 

(2) a physiological experiment to determine whether acute aerial hypoxia exposure after 21 days 

in air accentuates the metabolic depression in K. marmoratus, and (3) a physiological experiment 

to determine whether chronic aerial hypoxia acclimation (21 days) slows substrate utilization 

compared with aerial normoxia acclimation (21 days), thereby preserving skeletal muscle 

integrity and locomotor performance (Fig. 3.S1). Following experimentation, fish were weighed 

and the standard length was measured for determination of body condition (Fulton’s K) as 

described by Froese (2006). When the partial pressure of O2 (pO2) was not constant for the entire 

the experimental period (i.e. during choice chamber experiments and acute hypoxia exposure 

during O2 consumption experiments), Fulton’s K was not measured. 

 

Series 1 

 To determine whether K. marmoratus seek hypoxic microhabitats during periods of 

prolonged air exposure, we designed experimental choice chambers that maintained a pO2 

gradient through which fish could move freely (Fig. 3.S2). We constructed the choice chambers 

from 10 ml serological pipettes to mimic the termite tunnels in rotting logs that K. marmoratus 

inhabit in the wild (Taylor et al., 2008). The serological pipettes were halved to create semi-

circlular tubes (21 cm long, 1 cm diameter), which were then fitted with a mesh bottom. A strip 

of water-soaked (15‰) filter paper (0.5 cm wide) was placed inside each tube, on top of the 

mesh to give fish a moist substrate for travel within the tube. 
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 We measured the pO2 preference of K. marmoratus (strain 1, n=12; strain 2, n=23) within 

the choice chambers during the initial (days 1–2) and final (days 20–21) 48 h of a 21-day air 

exposure period. First, we randomly positioned fish in individual choice chambers, then 

introduced a pO2 gradient (10.1±0.4 to 19.9±0.1 kPa). The pO2 gradient was generated by placing 

the choice chambers over three side-by-side containers (1.5 litres) filled with water (15‰) (Fig. 

3.S2). We vigorously bubbled nitrogen into the container at one end to generate hypoxic air in 

the choice chamber above (‘low O2 zone’=10.1±0.4 kPa). In the container at the opposite end, 

we vigorously bubbled air to generate normoxic air in the choice chamber above (‘high O2 

zone’=19.9±0.1 kPa). We bubbled both air and nitrogen into the middle container to generate an 

intermediate pO2 in the air above (‘medium O2 zone’=15.7±0.3 kPa). The pO2 in each zone was 

continuously measured during experimental trials using O2-sensing optodes and a fibre-optic 

probe (Loligo Systems WITROX 4, Tjele, Denmark). The optodes were calibrated prior to 

experimentation using humidified atmospheric air (21 kPa O2)and 2 mol l−1 sodium sulphite (0 

kPa O2). Fish were video recorded within the choice chamber using a webcam (Logitech C905w, 

Newark, CA, USA). Following exposure to the pO2 gradient on days 1–2, the pO2 gradient was 

stopped, and fish were maintained in their choice chamber under normoxic conditions until re-

exposure to the pO2 gradient during days 20–21.We did not reposition fish within the choice 

chambers before reintroduction of the pO2 gradient to minimize disturbance. For analysis, we 

calculated the proportion of time fish spent in each O2 zone during both recording periods. 

 All behavioral tests were carried out across seven 21-day experimental trials (five fish per 

trial on average). To ensure that all experimental trials were carried out consistently, we began 

all trials between 12:00 and 16:00 h, in the same position within the same climate-controlled 
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room (25°C, 12 h:12 h light: dark). The choice chamber was illuminated in the day with room 

lighting (no exterior windows), and at night with red light to minimize disturbance to the fish. 

The direction of the O2 gradient (hypoxia to normoxia) was randomly reversed (normoxia to 

hypoxia) between trials, and most of the trials contained fish from both strains. All videos were 

analysed by the same observer (G.S.R.). 

 

Series 2 

 A separate group of fish was acclimated for 21 days to one of two experimental 

treatments: water (control) or air. Control fish were maintained in water (15‰) and fed Artemia 

sp. nauplii three times weekly. Air acclimation was achieved by placing fish on moist filter paper 

(15‰) in 120 ml plastic holding cups, as previously described (Ong et al., 2007). The mass-

specific rate of O2 consumption was then measured in control (strain 1, n=10; strain 2, n=10) and 

air- acclimated (strain 1, n=8; strain 2, n=8) fish using closed-system respirometry. Fish were 

placed in custom glass micro-respirometry chambers (∼1 ml) containing a piece of wet filter 

paper that kept the environment moist during the experimental period. Fish were acclimated to 

the experimental chamber for a 2 h period in air, during which time the chamber was left open to 

maintain pO2 at approximately 21 kPa. A 2 h acclimation has previously been shown to be 

sufficient for K. marmoratus to recover from handling stress (Blanchard et al., 2019). Following 

the 2 h acclimation period, the chamber was sealed and the decline in pO2 was measured for 1 h 

using O2-sensing optodes, which were calibrated weekly. To determine whether aerial hypoxia 

accentuates metabolic depression in K. marmoratus, an additional group of fish (strain 1, n=8; 

strain 2, n=8) held in air for 21 days was placed in micro-respirometry chambers that were 
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continuously flushed with an air–N2 mixture (approximately 9.3 kPa O2; Wosthoff, Calibrated 

Instruments Inc., NY, USA) for 2 h prior to the 1 h measurement period. We attempted to 

measure O2 consumption in fish acclimated to aerial hypoxia continuously for 21 days in 

preliminary experiments. However, we were unable to prevent re-oxygenation while transferring 

fish from their acclimation chambers to the micro-respirometry chambers, resulting in highly 

variable O2 consumption measurements. We calculated O2 consumption rates from the decline in 

pO2 over the 1 h measurement period in three consecutive 20 min intervals, standardized to body 

mass. There was no significant difference in O2 consumption across the technical replicates 

(repeated-measures ANOVAs; P>0.05), thus, we report the average of the three O2 consumption 

measurements. The pO2 in the O2 consumption trials performed under normoxia started at 

20.1±0.2 kPa and declined to 17.8±0.3 kPa by the end of the measurement period. The pO2 in the 

O2 consumption trials performed under aerial hypoxia started at 9.3±0.2 kPa and declined to 

8.4±0.2 kPa. The pO2 in all trials remained above the lower aerial critical oxygen tension (Pcrit) 

for K. marmoratus strain 1 (SLC8E) and strain 2 (50.91) (Blanchard et al., 2019). All O2 

experiments were conducted at 25°C, and between 12:00 and 18:00 h to minimize the effects of 

diel metabolic rhythms (Rodela and Wright, 2006). Control fish were fasted for at least 48 h 

prior to use in experiments, which is more than sufficient time to ensure that metabolic rate 

returns to baseline levels post-feeding (Sutton et al., 2018).We also measured O2 consumption in 

a group of fish that had been fasted for 21 days in water (fasted controls) to determine whether 

the inability to eat on land plays a significant role in metabolic depression in normoxic air. 
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Series 3 

Energy reserves  

An additional group of fish was exposed for 21 days to one of three experimental 

treatments – control, air or aerial hypoxia – for analysis of whole-body [glycogen] and lipid 

content. Aerial hypoxia acclimation was achieved by placing air-exposed fish in an incubator 

(Innova 4230, New Brunswick Scientific, NJ, USA) that was maintained at approximately 8.2 

kPa O2 using an air–N2 mixture (25°C, 12 h:12 h light: dark). Following acclimation, fish were 

immediately euthanized via cold-water immersion, and either snap-frozen in liquid nitrogen for 

[glycogen] determination (strain 1, n=22; strain 2, n=21), or dried (48 h at 60°C) for lipid 

analysis (strain 1, n=22; strain 2, n=23). Whole-body [glycogen] was measured enzymatically 

(Bergmeyer et al., 1974), and lipid content was measured by chloroform extraction (Junior and 

Peixoto, 2013). 

 

Muscle histology  

We measured the size (cross-sectional area) of red and white muscle fibers in another 

group of fish under control, air or aerial hypoxia conditions for 21 days (strain 1, n=22; strain 2, 

n=22). Following acclimation, fish were euthanized via immersion in MS-222 (500 mg l−1). A 

∼3 mm transverse steak immediately anterior to the dorsal fin was removed, coated in 

embedding medium (Shandon Cryomatrix™, Fisher Scientific, Hampton, NH, USA), frozen in 

liquid nitrogen-cooled isopentane and stored at −80°C. Frozen muscle steaks were then cut into 8 

μm transverse sections in a cryostat (Leitz Cryostat Microtome, Labequip Ltd, Markham, ON, 

Canada) at −20°C, mounted on Superfrost Plus slides (Fisher Scientific) and stored at −80°C 
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until staining. Red muscle staining and analysis was performed as previously described by Rossi 

et al. (2018). White muscle analysis was performed as described by Rossi et al. (2019a). Control 

and air-acclimated fish used for muscle phenotyping were previously used for O2 consumption 

measurements. 

 

Jumping performance  

We compared the terrestrial locomotor performance in a final group of control, air-

acclimated and aerial hypoxia-acclimated fish (21 days; strain 1, n=23; strain 2, n=23), as 

previously described (Rossi et al., 2019a; McFarlane et al., 2019). Briefly, fish were encouraged 

to jump via gentle prodding with a clicker ballpoint pen until exhausted, i.e. unresponsive to 

prodding. The jumping trials were video recorded and analyzed to quantify the distance of the 

longest jump (in body lengths) and the number of jumps fish performed before reaching 

exhaustion (Brunt et al., 2016). 

 

Statistical analyses 

 We determined the preferred O2 zone of K. marmoratus during days 1–2 and days 20–21 

using methods for compositional data, because the proportion of time fish spend in any one O2 

zone is dependent upon the time spent in other O2 zones. All proportions were isometric log-ratio 

(ILR) transformed and then analysed using an ordinary least squares (OLS) regression. We 

subsequently back- transformed the coefficients for meaningful interpretation of the results (van 

den Boogrart and Tolosana-Delgado, 2013). 
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To determine the effects of strain and experimental treatment on O2 consumption, body 

condition, lipid content, muscle phenotype and jumping performance, we used two-way 

ANOVAs. When a significant main effect of treatment was detected, a Tukey’s post hoc test was 

used to identify which treatment groups differed (all reported P-values are adjusted for multiple 

comparisons). When a significant strain × treatment interaction was detected (glycolytic fiber 

size, number of jumps), the data were divided by strain and analysed using a one-way ANOVA, 

followed by a Tukey’s post hoc test. The [glycogen] of strain 2 control and air-acclimated fish 

was compared using a two-sided t-test; the aerial hypoxia group was excluded from the analysis 

because the [glycogen] in five of six fish was below detectable limits. A one-way ANOVA was 

used to compare the [glycogen] of strain 1 fish across treatment groups, followed by a Tukey’s 

post hoc test. Owing to the limitations of merely presenting P-values (Halsey et al., 2015; 

Halsey, 2019), we supplemented the P-values from all post hoc comparisons with an effect size 

calculation (Cohen’s D; d-value) for each strain (strain 1=d1; strain 2=d2) to indicate the 

magnitude of the effect between treatment groups. When d<0.5, the treatment effect is relatively 

small and inconsequential, whereas d>0.5 indicates that the treatment effect is biologically 

meaningful (Sullivan and Feinn, 2012). Prior to analysis, we assessed all data for normality and 

homogeneity of variance; when data did not meet these parametric test assumptions, they were 

appropriately transformed. All analyses were performed using RStudio (version 1.1.447). 
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3.4 Results 

Environmental O2 preference 

The proportion of time strain 2 fish spent in each O2 zone during days 1–2 was equally 

distributed (OLS: P=0.63; Fig. 3.1). However, strain 2 fish showed a preference for the low O2 

zone by the end of the air exposure period (OLS: P=0.02): fish spent 53±7% of the time in the 

low O2 zone, and only 26±5% and 21±6% in the medium and high O2 zones, respectively (Fig. 

3.1). The time strain 1 fish spent in each O2 zone was equally distributed during days 1–2 (OLS: 

P=0.15) and days 20–21 (OLS: P=0.80) (data not shown). 

 

O2 consumption and body condition 

The mass-specific rate of O2 consumption in K. marmoratus was significantly influenced by 

the experimental treatment (two-way ANOVA: P<0.001) but not by strain (two-way ANOVA: 

P=0.76; Fig. 3.2A). We found that control fish had significantly higher O2 consumption rates 

than both air- and aerial hypoxia-acclimated fish (Tukey: P<0.001, d1=1.5, d2=1.0; P<0.001, 

d1=2.2, d2=1.7). Air-acclimated fish also had higher O2 consumption rates than aerial hypoxia-

acclimated fish (Tukey: P=0.01, d1=1.5, d2=1.4). In contrast, the O2 consumption rate between 

fasted controls and air- acclimated fish was not significantly different in either strain (two-way 

ANOVA: P=0.19, P=0.36; Fig. 3.S3). We found that the experimental treatment affected body 

condition (two-way ANOVA: P<0.001) but the strain did not (two-way ANOVA: P=0.30; Fig. 

3.2B). The body condition of air-acclimated K. marmoratus was lower than that of control and 

aerial hypoxia-acclimated fish (Tukey: P<0.001, d1=0.7, d2=0.8; P=0.01, d1=0.5, d2=0.6). We 
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found no significant difference in the body condition of control and aerial hypoxia-acclimated 

fish (Tukey: P=0.39, d1=0.3, d2=0.3). 

 

Energy reserves 

The [glycogen] of strain 1 fish differed significantly across treatment groups (one-way 

ANOVA: P<0.001; Fig. 3.3A). We found that control fish had a higher [glycogen] than those 

acclimated to air and aerial hypoxia (Tukey: P<0.001, d1=1.2; P=0.004, d1=0.9). Although the 

[glycogen] of air- and aerial hypoxia-acclimated fish did not differ significantly (Tukey: P=0.39), 

there was a meaningful trend towards reduced glycogen usage in aerial hypoxia-acclimated fish, 

which catabolized 17% less glycogen than fish acclimated to air (d1=0.7). Similarly, in strain 2 

fish, the control group had a higher [glycogen] than the air- acclimated group (t-test: P<0.001, 

d2=3.3), but glycogen was undetected in the aerial hypoxia group (Fig. 3.3A). The lipid content 

of K. marmoratus was significantly influenced by the experimental treatment (two-way 

ANOVA: P=0.002) but not by strain (two-way ANOVA: P=0.20; Fig. 3.3B). We found that air-

exposed fish had a lower lipid content than control fish (Tukey: P=0.001, d1=0.9, d2=1.5). There 

was no significant difference in the lipid content of control and aerial hypoxia-acclimated fish 

(Tukey: P=0.41), but the effect sizes imply that both strains catabolized lipids under aerial 

hypoxia (d1=1.0, d2=0.9). Similarly, there was no significant difference in the lipid content of 

air- and aerial hypoxia-acclimated fish (P=0.05), but effect size implies that the use of23% fewer 

lipids by strain 2 fish acclimated to aerial hypoxia may be biologically important (d1=0.4, 

d2=0.8). 
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Muscle phenotype 

Both the experimental treatment and the strain affected the size of red muscle fibers in K. 

marmoratus (two-way ANOVA: P=0.007, P=0.04; Fig. 3.4A). We found that air-exposed fish 

had significantly larger red muscle fibers than control fish (Tukey: P=0.005, d1=1.3, d2=1.0). 

Although there was no significant difference in the size of red muscle fibers between air- and 

aerial hypoxia-acclimated fish (Tukey: P=0.12), in strain 1 fish there was a trend towards smaller 

fibers in aerial hypoxia than in air (d1=1.3, d2=0.3). Similarly, we found no significant 

difference in the size of red muscle fibers between control and aerial hypoxia-acclimated fish 

(Tukey: P=0.43), though strain 2 fish acclimated to aerial hypoxia had 15% larger fibers than 

control counterparts, which may be biologically meaningful (d1=0.0, d2=1.0). The size of the 

white muscle fibers in strain 1 and strain 2 fish was differentially affected by the experimental 

treatment, as evident by a significant strain × treatment interaction (two-way ANOVA 

interaction: P=0.01; Fig. 3.4B). The size of white muscle fibers did not differ across treatments 

in strain 1 fish (one-way ANOVA: P=0.12) but differed in strain 2 fish (one-way ANOVA: 

P=0.03). Strain 2 fish acclimated to air had significantly smaller white muscle fibers than control 

fish (Tukey: P=0.02, d2=1.3). We found no significant difference in the size of white muscle 

fibers between control and aerial hypoxia- acclimated fish (P=0.70, d2=0.4). We found no 

significant difference in the size of white muscle fibers between air- and aerial hypoxia- 

acclimated fish (Tukey: P=0.15), but there was a meaningful trend towards larger white muscle 

fibers in aerial hypoxia-acclimated fish, which were 24% larger than those of fish in air (d2=1.2). 
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Jumping performance 

 The longest jump K. marmoratus could perform was affected by the experimental 

treatment (two-way ANOVA: P=0.04), but strain had no effect (two-way ANOVA: P=0.06; Fig. 

3.5A). The longest jump air-acclimated fish could perform was shorter compared with that of 

control fish (Tukey: P=0.03, d1=1.5, d2=1.3). There was no significant difference in longest 

jump length between control and aerial hypoxia-acclimated fish (Tukey: P=0.54), but in strain 1 

the effect size implies that the longest jump fish could perform in aerial hypoxia was shorter than 

under control conditions (d1=0.8, d2=0.4). Similarly, we found no significant difference in the 

longest jump length between air- and aerial hypoxia-acclimated fish (Tukey: P=0.29), but there 

was a meaningful trend towards longer jumps by strain 2 fish in aerial hypoxia, which were 20% 

longer than jumps in air (d1=0.2, d2=1.1). We found that the number of jumps strain 1 and strain 

2 fish could perform before exhaustion was differentially affected by treatment (two-way 

ANOVA interaction: P=0.05; Fig. 3.5B). Strain 1 fish jumped the same number of times 

regardless of treatment (one-way ANOVA: P=0.46). However, the number of jumps strain 2 fish 

performed differed across treatments (one-way ANOVA: P=0.01): air-acclimated fish jumped 

fewer times than control fish (Tukey: P=0.02, d2=1.6). There was no significant difference 

between the number of jumps performed by air- and aerial hypoxia-acclimated fish (Tukey: 

P=0.05), but the effect size implies that the 20% more jumps performed by strain 2 fish 

acclimated to aerial hypoxia may be biologically important (d2=1.6). 
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3.5 Discussion 

 We used K. marmoratus to test the hypothesis that animals seek hypoxic microhabitats 

that, in turn, accentuate metabolic depression during dormancy. In support of our hypothesis, we 

found that one isogenic strain spent more than double the amount of time in hypoxia compared 

with normoxia after 21 days in air. Furthermore, prolonged air exposure in both strains resulted 

in lower O2 consumption rates compared with active fish (35% depression), which was 

accentuated (51% depression) when fish were exposed to aerial hypoxia acutely. The fact that 

fish exposed to aerial hypoxia demonstrated lower O2 consumption rates than air-exposed fish 

(which were fasted and inactive) is suggestive of active metabolic rate depression, particularly 

because O2 consumption measurements were obtained above Pcrit for K. marmoratus in air 

(Blanchard et al., 2019), indicating that this was not simply an oxy-conforming response. We 

also tested the hypothesis that chronic hypoxia exposure in air would protect endogenous energy 

reserves and skeletal muscle integrity, thereby maintaining locomotor performance, possibly 

owing to hypoxic hypometabolism. We found that air-acclimated fish from both strains were in 

poorer body condition relative to control fish and those acclimated to aerial hypoxia. Air-

acclimated fish demonstrated considerable glycogen and lipid catabolism (both strains), white 

muscle atrophy (strain 2 only) and poorer terrestrial locomotion compared with control fish 

(strain 2 only). However, aerial hypoxia acclimation reduced glycogen usage by 17% in strain 1 

fish, and spared lipids and white muscle protein in strain 2 fish by 23% and 22%, respectively. 

Furthermore, aerial hypoxia acclimation maintained the terrestrial locomotor performance of 

strain 2 fish compared with air acclimation (22% farther longest jump, 20% more jumps). 

Overall, our findings demonstrate that K. marmoratus seek microhabitats that, in turn, accentuate 
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metabolic depression, and that microhabitat O2 availability can have significant implications for 

substrate utilization, and the structure and function of skeletal muscle. 

 

Microhabitat selection and O2 consumption 

We showed that K. marmoratus (strain 2) seek hypoxic microhabitats after prolonged air 

exposure, and one possible benefit is an accentuation of metabolic depression. Our laboratory 

findings are consistent with the observed habitat preference of K. marmoratus in the wild, as fish 

are often found within decaying mangrove logs (Taylor et al., 2008), which are likely hypoxic 

(Anderson and Ultsch, 1987). Although strain 1 fish did not seek hypoxia on land, they 

catabolized less of their metabolic fuel stores (glycogen and some lipids) after 21 days in air 

compared with strain 2 fish (glycogen, lipids and muscle protein). This was an interesting finding 

because the absolute rate of O2 consumption was not significantly different between strains after 

21 days in air. One possible explanation for the differential fuel use relates to the rate of 

metabolic depression. For instance, if strain 1 fish depressed metabolic rate to the air-acclimated 

(21 day) value several days before strain 2 fish, this would likely result in considerable energy 

savings. Thus, strain 2 fish may face greater pressure to seek low O2 microhabitats during 

seasonal droughts that accentuate metabolic depression and preserve their remaining energy 

stores. Alternatively, there are several other reasons why K. marmoratus may be found in 

hypoxic microhabitats in the wild, not just as a strategy to reduce O2 consumption. For example, 

the decaying logs in which K. marmoratus are found may contain more moisture that would 

protect fish from dehydration and help survival. Overall, the microhabitat conditions that mediate 
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microhabitat selection strategies in dormant taxa are poorly understood, but this remains an 

exciting avenue for future investigation. 

Prolonged air exposure in both strains resulted in lower O2 consumption rates compared 

with active fish, which was accentuated when fish were exposed to aerial hypoxia acutely. 

Microhabitat O2 availability has similarly altered the extent of metabolic depression in other 

dormant animals. For example, hibernating frogs (Rana temporaria) exposed to chronic aquatic 

hypoxia exhibited a 75% suppression of metabolic rate (Donohoe and Boutilier, 1998), whereas 

those in normoxic water only depressed metabolism by approximately 50% (Donohoe et al., 

1998). It is unknown whether hypoxic hypometabolism would persist in K. marmoratus with 

chronic hypoxia exposure in air. However, in many fishes acclimated to chronic hypoxia (weeks 

to months), O2 consumption remained low over time (e.g. Kerstens et al., 1979; Timmerman and 

Chapman, 2004). We recently showed that the green-striped burrowing frog (Cyclorana 

alboguttata) also selects environmental hypoxia, which consistently accentuated metabolic 

depression by ∼30% throughout the first 7 weeks of estivation (Rossi et al., 2020). Taken 

together, we suggest that the microhabitats occupied by animals during dormancy can have a 

profound impact on the physiological strategies used to tolerate environmental extremes. 

 

Endogenous fuel usage 

The pattern of metabolic fuel use differed between K. marmoratus strains. Strain 1 fish 

catabolized 75% of their glycogen stores after 21 days in air, but only 58% after 21 days in aerial 

hypoxia. Glycogen stores are considered to be the primary source of metabolic fuel for fish 

experiencing hypoxia (Hochachka and Somero, 1984). Thus, glycogen preservation under aerial 
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hypoxia suggests that strain 2 fish may be reducing their overall ATP demand. In contrast, strain 

2 fish catabolized glycogen, lipids and presumably protein (given the white muscle fiber atrophy) 

in air. Aerial hypoxia acclimation attenuated lipid usage in this strain by 23%, and spared muscle 

protein. These findings are consistent with that from overwintering goldfish (Carassius auratus), 

in which lipid oxidation is constrained under extreme hypoxia in favor of anaerobic glycolysis 

(Hochachka and Somero, 1984). Accordingly, the [glycogen] of most strain 2 fish was 

undetectable after aerial hypoxia acclimation. A recent study from our laboratory also 

demonstrated considerable glycogen and lipid catabolism in three isogenic strains of K. 

marmoratus (50.91, SLC8E and HON9) after 21 days of air exposure (Turko et al., 2019). 

Interestingly, both our study and that of Turko et al. (2019) found that strain 2 (50.91) fish 

catabolized 20–25% more of their lipid reserves than strain 1 (SLC8E) fish after air exposure 

despite the same rate of O2 consumption between the two strains after 21 days in air. The rate 

at which metabolic depression is achieved between K. marmoratus strains may explain the 

discrepancy in substrate use, but this hypothesis warrants further investigation. Overall, our 

findings suggest that K. marmoratus strains can employ different behavioral and physiological 

strategies to prevent the premature exhaustion of endogenous energy reserves during prolonged 

air exposure. Furthermore, the differential responses between isogenic strains suggest that 

genetic factors contribute to phenotypic differences in the behavior and physiology of K. 

marmoratus. 
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Muscle phenotype and locomotion 

The integrity of skeletal muscle in K. marmoratus can be critical for survival. Like most 

fish, K. marmoratus rely on their skeletal musculature to power the locomotor movements 

required for accomplishing essential daily tasks (e.g. predator avoidance, prey capture). Air 

exposure resulted in the hypertrophy of red muscle fibers in K. marmoratus, which we have 

previously demonstrated is the result of the higher O2 availability in atmospheric air relative to 

water (Rossi et al., 2018). In contrast, strain 2 fish demonstrated atrophy of their white muscle 

fibers after air acclimation, suggesting that the greater substrate utilization by these fish may 

have led to protein catabolism. Consequently, strain 2 fish demonstrated poorer locomotor 

performance (shorter longest jump, fewer jumps performed) after air acclimation. In support of 

our hypothesis, the skeletal muscle integrity and locomotor performance of K. marmoratus was 

maintained after 21 days on land with chronic aerial hypoxia exposure. Previous studies have 

demonstrated that a profound metabolic depression during dormancy can preserve skeletal 

muscle structure and function (for review, see Hudson and Franklin, 2002a). For example, the 

frog C. alboguttata depresses metabolic rate by up to 80% during estivation (Kayes et al., 2009; 

Young et al., 2011) and exhibited no skeletal muscle atrophy after several months (Hudson and 

Franklin, 2002b). Any changes in the skeletal musculature of dormant animals that negatively 

impact locomotor performance can threaten foraging ability, reproductive success, predator 

avoidance and, ultimately, survival. 
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Perspectives 

We demonstrated that some K. marmoratus strains seek hypoxic microhabitats during 

prolonged air exposure, and that acute hypoxia exposure accentuates metabolic depression on 

land. Interestingly, previous studies from our laboratory have showed that K. marmoratus avoids 

aquatic hypoxia by emersing (Regan et al., 2011; Livingston et al., 2018). How is this behavioral 

pattern regulated? In other words, what mechanisms allow animals to avoid hypoxia during 

active periods, but favor hypoxic microhabitats during dormancy? Elucidating the physiological 

mechanisms modulating behavioral responses to hypoxia in dormant animals will be a fruitful 

avenue for future investigation. 

Although we focused on environmental hypoxia in this study, there are numerous other 

abiotic factors that may interact with hypoxia to enhance metabolic depression in dormant 

animals. For example, the subterranean burrows of hibernating hamsters (Mesocricetus auratus) 

can be extremely hypoxic and hypercapnic (Kuhnen, 1986). Similarly, in mangrove swamps, low 

O2 environments are often accompanied by hydrogen sulphide (H2S) (Rossi et al., 2019b). If the 

microhabitats occupied by K. marmoratus during the dry season are both hypoxic and H2S-rich, 

we might expect a more profound metabolic depression, as H2S inhibits oxidative 

phosphorylation in K. marmoratus (Cochrane et al., 2019). Although laboratory studies are 

valuable for evaluating the physiological mechanisms involved in metabolic depression during 

dormancy, understanding how microhabitat conditions alter physiological responses is critical. 
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3.7 Figures 

 

 

 



 

 

76 

 

Figure 3.1. The O2 preference of Kryptolebias marmoratus during prolonged air exposure. (A) 

Heat map representing the percentage of time spent in the high, medium and low O2 zones by 

Kryptolebias marmoratus (strain 2; n=23) during the first (days 1–2, left) and final (days 20–21, 

right) 48 h of a 21-day air exposure period. Each row represents an individual and each column 

represents an O2 zone. (B) The percentage mean difference between the observed time K. 

marmoratus spent in each O2 zone during days 1–2 (left) and days 20–21 (right) and the 

expected time assuming K. marmoratus demonstrated no O2 zone preference (one-third per 

zone). Error bars denote the ±s.e.m. of each O2 zone. Strain 1 fish demonstrated no O2 zone 

preference during days 1–2 or days 20–21 (data not shown).  
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Figure 3.2. The effect of aerial normoxia and aerial hypoxia exposure on the metabolic rate and 

body condition of K. marmoratus. (A) The mass- specific rate of O2 consumption in water 

(control; strain 1, n=10; strain 2, n=10) and air-acclimated K. marmoratus under aerial normoxia 

(∼21 kPa; strain 1, n=8; strain 2, n=8), as well as the O2 consumption rate of air-acclimated (21 

days) fish acutely exposed to aerial hypoxia (∼9.4 kPa; strain 1, n=8; strain 2, n=8). (B) The 

body condition (Fulton’s K) of K. marmoratus acclimated to water (control; strain 1, n=33; strain 

2, n=32), air (strain 1, n=30; strain 2, n=32) and aerial hypoxia (strain 1, n=29; strain 2, n=28) 

for 21 days. Different uppercase letters indicate significant differences between experimental 

treatments. Means are shown as crosses within the box.  
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Figure 3.3. The effect of aerial normoxia and aerial hypoxia acclimation on metabolic fuel use in 

K. marmoratus. (A) The whole-body [glycogen] of control (strain 1, n=7; strain 2, n=7) and air- 

(strain 1, n=7; strain 2, n=8) and aerial hypoxia-acclimated (strain 1, n=7; strain 2, n=6) K. 

marmoratus. Different uppercase and lowercase letters denote significant differences in the 

[glycogen] of strain 1 and strain 2 fish, respectively, across treatment groups. (B) The whole-

body lipid content of control (strain 1, n=8; strain 2, n=8) and air- (strain 1, n=7; strain 2, n=8) 

and aerial hypoxia-acclimated (strain 1, n=7; strain 2, n=7) fish. Different uppercase letters 

indicate significant differences between experimental treatments. Means are shown as crosses 

within the box.  
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Figure 3.4. The effect of aerial normoxia and aerial hypoxia acclimation on the skeletal 

musculature of K. marmoratus. (A) The red muscle fiber size of control (strain 1, n=8; strain 2, 

n=8) and air- (strain 1, n=7; strain 2, n=8) and aerial hypoxia-acclimated (strain 1, n=8; strain 2, 

n=7) K. marmoratus. Different uppercase letters indicate significant differences between 

experimental treatments. Strain 1 and strain 2 were significantly different from each other. (B) 

The white muscle fiber size of control (strain 1, n=8; strain 2, n=8) and air- (strain 1, n=7; strain 

2, n=8) and aerial hypoxia-acclimated (strain 1, n=7; strain 2, n=7) fish. Different lowercase 

letters indicate significant differences between the white muscle fibers of strain 2 fish across 

experimental treatments. There was a significant strain × treatment interaction. Means are shown 

as crosses within the box.  
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Figure 3.5. The effect of aerial normoxia and aerial hypoxia acclimation on the terrestrial 

locomotor performance of K. marmoratus. (A) The longest jump performed (in body lengths, 

BL) by control (strain 1, n=8; strain 2, n=8) and air- (strain 1, n=8; strain 2, n=8) and aerial 

hypoxia-acclimated (strain 1, n=7; strain 2, n=7) K. marmoratus. Different uppercase letters 

indicate significant differences between experimental treatments. (B) The number of jumps 

performed by control (strain 1, n=8; strain 2, n=8) and air- (strain 1, n=8; strain 2, n=8) and 

aerial hypoxia-acclimated (strain 1, n=7; strain 2, n=7) fish before exhaustion. Different 

lowercase letters indicate significant differences between the number of jumps performed by 

strain 2 fish across experimental treatments. There was a significant strain × treatment 

interaction. Means are shown as crosses within the box.  
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3.8 Supplemental Material 

 

 

Figure 3.S1: Schematic representation of the timeline for each series of experiment.  
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Figure 3.S2: Schematic representation of a custom-built experimental choice chamber resting 

over 3 buckets of water. The pO2 within the high O2 zone (left), medium O2 zone (centre), and 

low O2 zone (right) was determined using O2-sensing optodes (Loligo Systems WITROX 4, 

Tjele, Denmark).  
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Figure 3.S3: The mass-specific rate of O2 consumption in water-acclimated K. marmoratus that 

were fasted for 21 days (Strain 1, n=9; Strain 2, n=8) and air-acclimated fish in aerial normoxia 

( Strain 1, n=8; Strain 2, n=8). Means are shown as crosses within the box.  
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4.1 Abstract 

 The interaction between developmental plasticity and the capacity for reversible 

acclimation (phenotypic flexibility) is poorly understood, particularly in organisms exposed to 

fluctuating environments. We used an amphibious killifish (Kryptolebias marmoratus) to test the 

hypotheses that organisms reared in fluctuating environments (i) will make no developmental 

changes to suit any one environment because fixing traits to suit one environment could be 

maladaptive for another, and (ii) will be highly phenotypically flexible as adults because their 

early life experiences predict high environmental variability in the future. We reared fish under 

constant (water) or fluctuating (water–air) environments until adulthood and assessed a suite of 

traits along the oxygen cascade (e.g. neuroepithelial cell density and size, cutaneous capillarity, 

gill morphology, ventricle size, red muscle morphometrics, terrestrial locomotor performance). 

To evaluate the capacity for phenotypic flexibility, a subset of adult fish from each rearing 

condition was then air-exposed for 14 days before the same traits were measured. In support of 

the developmental plasticity hypothesis, traits involved with O2 sensing and uptake were largely 

unaffected by water–air fluctuations during early life, but we found marked developmental 

changes in traits related to O2 transport, utilization and locomotor performance. In contrast, we 

found no evidence supporting the phenotypic flexibility hypothesis. Adult fish from both rearing 

conditions exhibited the same degree of phenotypic flexibility in various O2 sensing- and uptake-

related traits. In other cases, water–air fluctuations attenuated adult phenotypic flexibility despite 

the fact that phenotypic flexibility is hypothesized to be favoured when environments fluctuate. 

Overall, we conclude that exposure to environmental fluctuations during development in K. 
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marmoratus can dramatically alter the constitutive adult phenotype, as well as diminish the scope 

for phenotypic flexibility in later life. 

 

4.2 Introduction 

 Phenotypic plasticity is the ability of an organism with a given genotype to express 

environmentally mediated alternative phenotypes (Travis, 1994; West-Eberhard, 2003). 

Alternative phenotypes can occur in response to different developmental conditions, with 

potential lasting effects on the adult phenotype (developmental plasticity), and/or can occur 

reversibly throughout an organism’s adult life (phenotypic flexibility) (Piersma and Drent, 

2003). Phenotypic flexibility is hypothesized to be advantageous under fluctuating 

environmental conditions because it can enable phenotype–environment matches across a wider 

range of adult environmental conditions than could be achieved if traits were fixed during early 

development (West-Eberhard, 2003). In contrast, developmental plasticity is hypothesized to be 

advantageous when environments are relatively stable as, under these circumstances, phenotypic 

changes made during early life could prepare the organism for future environmental conditions 

(Levins, 1963; Gabriel and Lynch, 1992). 

 Developmental plasticity and adult phenotypic flexibility have historically been viewed 

as separate processes, but recent studies have demonstrated that these two forms of plasticity can 

be linked (for review, see Beaman et al., 2016). In other words, the environmental conditions an 

organism experiences during development can alter both the constitutive adult phenotype and the 

capacity for phenotypic flexibility during adulthood. For example, zebrafish (Danio rerio) raised 

at different embryonic temperatures differed in their adult swimming performance, and in their 
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capacity to alter swimming performance with thermal acclimation (Scott and Johnston, 2012). 

Alterations in the scope for phenotypic flexibility may be adaptive to fine-tune developmental 

changes (Gabriel and Lynch, 1992). 

 The majority of studies that have investigated the interaction between developmental 

plasticity and phenotypic flexibility have reared organisms under constant environmental 

conditions (e.g. Scott and Johnston, 2012; Schnurr et al., 2014; Seebacher and Grigaltchik, 

2014), in which developmental plasticity is hypothesized to be favoured. In recent years, 

however, the importance of evaluating the phenotypic responses of organisms to ecologically 

relevant fluctuations in environmental conditions has become increasingly apparent (Morash et 

al., 2018; Targett et al., 2019; Williams et al., 2019), as phenotypic responses to fluctuating 

conditions can be considerably different from those invoked by exposure to a new stable 

environment. For example, adult mummichogs (Fundulus heteroclitus) acclimated to intermittent 

versus constant hypoxia exhibited different plastic responses in a suite of physiological traits 

along the O2 cascade (Borowiec et al., 2015) – a complex and integrated pathway that involves 

the sensing, uptake, transport and utilization of O2 (Dzal et al., 2015). Nevertheless, very few 

studies have considered fluctuations during early development, despite the fact that many fishes 

encounter marked fluctuations in environmental O2 availability during early life. For instance, 

several fish species deposit their embryos in intertidal environments where they are periodically 

exposed to air (Middaugh, 1981; Taylor, 1999). Air holds ∼30 times more O2 than water and O2 

diffuses ∼8000 times faster in air than in water, resulting in higher O2 availability for fishes on 

land (Dejours, 1988). How does ecologically relevant exposure to fluctuating environmental O2 
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levels during development (e.g. repeated air exposure in fishes) affect the adult phenotype and 

the subsequent capacity for adult phenotypic flexibility in traits along the O2 cascade? 

Fluctuating water–air transitions occur in amphibious fishes (∼200 species; Wright and 

Turko, 2016). Amphibious fishes can be powerful models for understanding the impact of 

fluctuating extreme environmental conditions on phenotypic plasticity because the properties of 

air and water are so dramatically different. Although air provides higher O2 availability 

compared with water, air has a lower density and viscosity relative to water and thus air exposure 

often results in a loss of gill function due to the collapse of gill lamellae (Lam et al., 2006). The 

loss of gill function may result in hypoxemia until modifications are made to enhance the uptake 

of atmospheric O2. Moreover, the loss of gill respiration on land, and the low solubility of carbon 

dioxide in air relative to water, results in an elevation of internal CO2 levels (reviewed by Wright 

and Turko, 2016; Bayley et al., 2019). Thus, although air exposure enhances O2 availability, it is 

accompanied by several challenges (e.g. hypercapnia, nitrogen waste accumulation, desiccation) 

that may differentially affect fish at different life stages depending on a number of factors, 

including properties of respiratory exchange surfaces. Although many amphibious fishes 

repeatedly traverse the water–air interface during development (Ishimatsu et al., 2018), the 

consequences for the adult phenotype and the subsequent capacity for adult phenotypic 

flexibility remain unknown. 

We tested the complementary hypotheses that fish exposed to fluctuating water–air 

environments during development (i) will exhibit no developmental changes along the O2 

cascade compared with fish reared under constant O2 conditions because fixing mean trait values 

to suit one environment (e.g. land) could result in a phenotype–environment mismatch during 
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exposure to another environment (e.g. water) and (ii) will therefore be highly phenotypically 

flexible as adults because their early life experiences (i.e. environmental fluctuations) predict 

high environmental variability in the future. We used the amphibious mangrove rivulus 

(Kryptolebias marmoratus) to test these hypotheses because it is an ideal vertebrate model for 

the study of phenotypic plasticity. Kryptolebias marmoratus is self-fertilizing and therefore 

allows for the production of isogenic lineages that minimize the confounding factor of genotypic 

variation, and reveal only the environmentally mediated phenotypic responses (Tatarenkov et al., 

2010; Earley et al., 2012). Furthermore, K. marmoratus tolerates terrestrial exposure during all 

life stages (Taylor, 2012), and demonstrates considerable phenotypic flexibility along the O2 

cascade in response to air exposure. Previous studies from our laboratory have demonstrated that 

air-exposed K. marmoratus increase cutaneous expression of genes involved with O2 sensing 

(Dong et al., 2021), proliferate epidermal capillaries (Cooper et al., 2012; Blanchard et al., 2019) 

and remodel their skeletal muscle towards a more aerobic phenotype (i.e. hypertrophy of red 

muscle fibers and increased red muscle capillarity; Brunt et al., 2016; Rossi et al., 2018), which 

probably enhances O2 sensing, uptake, transport and utilization on land. In addition, air-exposed 

K. marmoratus also remodel their gills (i.e. increase the height of the interlamellar cell mass) – a 

change that may provide structural support to delicate lamellae and/or reduce water loss on land 

(Ong et al., 2007; Turko et al., 2011; 2018). To test the developmental plasticity hypothesis, we 

reared K. marmoratus under constant (water) or fluctuating (water–air) environmental conditions 

until adulthood (94 days post-hatch) and examined anatomical, behavioural and biochemical 

traits associated with O2 sensing, uptake, transport and utilization by the skeletal muscle, as well 

as terrestrial locomotor performance as a collective measure of aerobic performance. The 
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developmental plasticity hypothesis predicts that fish reared under constant and fluctuating 

conditions will exhibit the same phenotype in all measured traits at adulthood. Thus, phenotypic 

differences between rearing groups at adulthood (94 days post-hatch) would not support the 

developmental plasticity hypothesis. To evaluate the capacity for adult phenotypic flexibility, a 

subset of adult fish from each rearing condition was then air-exposed for 14 days before the same 

traits were measured. The phenotypic flexibility hypothesis makes trait-specific predictions. 

Adult air exposure was predicted to increase neuroepithelial cell (NEC) density (Dong et al., 

2021) as well as decrease NEC size, as exposure to aquatic hypoxia causes an increase in NEC 

size in this species (Regan et al., 2011). Adult air exposure was also predicted to increase 

cutaneous capillarity (Blanchard et al., 2019), red muscle capillarity, red muscle fiber size (Brunt 

et al., 2016; Rossi et al., 2018), mitochondrial density of the skeletal muscle, and improve 

terrestrial locomotor performance (Brunt et al., 2016). Additionally, we expected a decrease in 

gill surface area (Ong et al., 2007) and ventricle size with air exposure, as O2-limiting conditions 

increase ventricle size in other species (McClelland et al., 2005; Simonot and Farrell, 2007). We 

also examined hypoxia-induced emersion behaviour (i.e. when fish leave water in response to 

aquatic hypoxia) as a measure of whole-body hypoxia sensitivity because hypoxia-induced 

emersion behaviour has previously been demonstrated to be controlled, in part, by NEC 

stimulation in K. marmoratus (Regan et al., 2011). We hypothesized that changes in NEC 

density and/or size in the gills and/or skin would alter whole-body hypoxia sensitivity. We 

predicted that fish possessing a greater density of NECs and/or larger NECs would exhibit higher 

whole-body hypoxia sensitivity. In all traits, however, we predicted that fish raised under 
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fluctuating conditions would exhibit a greater acclimation response to adult air exposure, 

regardless of the direction of phenotypic change. 

 

4.3 Methods 

Experimental animals 

 We collected embryos within 24 h of release from adult Kryptolebias marmoratus Poey 

1880 hermaphrodites (50.91 strain, originating from Twin Cayes, Belize; Tatarenkov et al., 

2010), which were held under constant laboratory conditions (15‰ salinity, 25°C, 12 h:12 h 

light:dark cycle; Frick and Wright, 2002). As K. marmoratus embryos can be released from 

adults at varying developmental stages (Harrington, 1961), we discarded any embryos that 

exceeded developmental stage 21 (onset of pigmentation; Mourabit et al., 2011) to ensure that 

the remaining embryos were approximately the same age (Wells et al., 2015). We maintained the 

remaining embryos individually in water under standard conditions (∼25 ml, pH 8.0, 15‰, 

25°C, 12 h:12 h light: dark cycle) for 30 days, after which we induced hatching by manual 

removal of the chorion (Wells et al., 2015), as natural hatching can be delayed (≤108 days) after 

reaching hatching competency (Furness et al., 2018). Water changes were not performed during 

the 30-day embryonic period. Larvae were then exposed to either fluctuating or constant 

conditions until adulthood (94 days post-hatch). Experimental procedures were approved by the 

University of Guelph Animal Care Committee (AUP 3891). 
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Experimental protocol 

 Fish reared under constant conditions (constant fish; N=58) were maintained in 350 ml 

clear plastic containers that were filled with ∼250 ml water (pH 8.0, 15‰, 25°C), but were 

handled on the same protocol as the fluctuating group to account for any stress related to 

handling. Fish reared under fluctuating water–air conditions (fluctuating fish; N=67) were 

manually transitioned between water and air, spending 50% of the experimental period in water 

(47 days) and 50%in air (47 days). Preliminary experiments revealed that 1-day post-hatch larvae 

survived <3 days of air exposure. Therefore, the air exposure period was progressively 

lengthened accordingly (1 day air for the first 3 weeks post-hatch, and then 3-, 5- and ultimately 

7-day periods as fish aged; Fig. 4.1). Between air exposure periods, fish were maintained in 

water for an equal period (e.g. 3 days air, then 3 days water). Air exposure was accomplished as 

previously described (Ong et al., 2007). Briefly, fish were individually placed on moistened filter 

paper over cotton balls soaked in 50 ml of water (pH 8.0, 15‰,25°C; >99% relative humidity; 

Ong et al., 2007) in experimental containers that were identical to those used to maintain fish in 

water. Fish reared under fluctuating conditions were fed Artemia sp. nauplii each day they were 

in water, and the constant group were fed on the same days. Water changes were performed 

every second week during the 94-day experimental period. Previous studies from our laboratory 

have demonstrated that phenotypic changes induced by air exposure in adult K. marmoratus are 

generally reversed within the same time frame upon return to water (e.g. Ong et al., 2007). 

Consequently, all fish spent the final week of the experimental period (days 88–94) in water to 

allow for the reversal of any phenotypically flexible responses induced by the previous air 

exposure period, and therefore reveal only permanent developmental changes.  
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At 94 days post-hatch, subsets of fish from both rearing treatments were used to examine 

emersion behaviour, terrestrial locomotor performance, and tissue differences. We euthanized 

the fish in MS-222 (500 mg l−1) prior to tissue collection. We air-exposed the remaining fish 

from each rearing treatment for 14 days and repeated all measurements. It should be noted that 

K. marmoratus reach adulthood at 90 days post-hatch (Gresham et al., 2020) and do not exhibit 

significant age-related changes in the adult phenotype until >2 years of age (Rossi et al., 2019). 

Therefore, trait differences following air exposure are unlikely to be the result of age-related 

phenotypic changes during the 14-day air exposure period. Fish from all treatments were 

approximately the same size (Fig. 4.S1). 

 

Neuroepithelial cell density and size, and whole-body hypoxia sensitivity 

We examined the density and size of serotonergic neuroepithelial cells (NECs) in the 

gills and skin by collecting whole gill baskets and skin samples directly posterior to the opercula 

(N=7–12 per treatment). We chose to examine serotonergic NECs because serotonin is an 

important mediator of ventilatory and behavioural responses to acute hypoxia in fishes (Regan et 

al., 2011; Shakarchi et al., 2013). We performed indirect double immunofluorescence labelling 

with antibodies  raised in rabbits against serotonin (5-HT, 1:250; MilliporeSigma, Burlington, 

MA, USA) and a zebrafish neuron specific antibody raised in mouse (zn-12, 1:100; 

Developmental Studies Hybridoma Bank, University of Iowa, Iowa City, IA,USA), as previously 

described (Regan et al., 2011). Secondary antibodies included goat anti-rabbit fluorescein 

isothiocynante (FITC, 1:50; Millipore Sigma) and Alexa Fluor 594 goat anti-mouse IgG (1:100; 
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Invitrogen, Carlsbad, CA, USA), which indirectly labelled 5-HT and zn-12 immunoreactivity of 

NECs and nerve fibers, respectively (Regan et al., 2011). 

We determined the density of NECs in the gills as previously described by Robertson et 

al. (2015). To determine the density of NECs in the skin, we took images of the ventral skin (2.0 

mm×1.6 mm), overlaid a 0.26 mm×0.26 mm grid on each image, and then counted the number of 

NECs in 50% of the grids to obtain an average number of NECs per grid. We estimated NEC 

size by manually measuring the area of all clearly visible NECs using ImageJ (http://image 

j.nih.gov/ij/) (Cochrane et al., 2019). 

To determine if changes in NEC density and/or size in the gills and skin influenced 

whole-body hypoxia sensitivity, we examined hypoxia-induced emersion behaviour in a separate 

group of fish, as previously described (N=7–9 per treatment; Regan et al., 2011). Immediately 

following emersion, fish were euthanized as above. The thoracic cavity was then immediately 

opened so that the heart could be rinsed in physiological saline (mmol l−1: 94 NaCl, 24 NaCO3, 5 

KCl, 1 MgSO4,1 Na2HPO4, 0.7 CaCl2; pH 7.6), and then bathed in 1 mol l−1 potassium chloride 

in situ prior to fixation of the entire thorax (Johnson et al., 2014). Fish were then fixed in 10% 

buffered formalin for 72 h, decalcified (1 h Cal-EX; Fisher Scientific, Waltham, MA, USA), and 

embedded in paraffin wax for gill and heart histology. 

 

Cutaneous capillarity and gill morphology 

To assess cutaneous capillarity, a ∼3 mm transverse muscle steak immediately anterior to 

the dorsal fin was excised and processed for cryosectioning as previously described (N=9–10 per 

treatment; Rossi et al., 2018, 2019). Using 8 µm cryosections, we visualized capillarity in the 
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ventral skin by staining for an endothelial cell–cell adhesion molecule, CD31 (PECAM-1; 

Blanchard et al., 2019). The primary and secondary antibodies included rat anti-mouse 

PECAM/CD31 (1:100; BD Pharmingen, San Jose, CA, USA) and Alexa Fluor 488 goat anti-rat 

IgG (1:400; Invitrogen), respectively. We cut the heads of paraffin-embedded fish into 5 µm 

sagittal sections to examine gill morphology (N=8–9 per treatment). We then stained and 

analysed the sections containing gill tissue for interlamellar cell mass (ILCM) coverage, as 

described previously (Turko et al., 2018). 

 

Ventricle size and red muscle capillarity 

We stained all 5 µm paraffin sections that contained heart tissue using hematoxylin and 

eosin to determine the maximal cross- sectional area of the ventricle. We estimated the cross-

sectional area of the ventricle every 15 µm (i.e. one in every three sections; 17±3 sections per 

fish) by tracing around the perimeter of the ventricle in ImageJ. We plotted the distribution of 

ventricle area in each fish (N=5–7 per treatment; Fig. 4.S2) and determined the maximal cross- 

sectional area of the ventricle (standardized to individual body mass) from the resulting 

distribution. If paraffin sections were lost from near the peak of the distribution, fish were 

excluded from the analysis so as not to under-estimate ventricle size. We visualized the 

capillarity of the red muscle located at the lateral line using 8 µm transverse cryosections of 

muscle obtained immediately anterior to the dorsal fin using CD31, as above (N=9–10 per 

treatment). All capillaries in contact with the red skeletal muscle fibers were counted, and then 

standardized to the total number of red muscle fibers as a proxy for O2 transport to the muscle 

(Rossi et al., 2019). 
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Red skeletal muscle phenotype 

 We quantified the size and number of red skeletal muscle fibers using 8 µm transverse 

cryosections (described above) that we stained for slow myosin using a mouse IgA primary 

antibody (S58, 1:10; Developmental Studies Hybridoma Bank) and an Alexa Fluor 488 goat anti-

mouse IgG secondary antibody (1:400; Invitogen), as described previously (N=9–10 per 

treatment; Rossi et al., 2018, 2019). We also measured the aerobic capacity of the red muscle 

using a succinate dehydrogenase (SDH) stain (N=9–10 per treatment; Borowiec et al., 2015; 

McFarlane et al., 2019). We measured citrate synthase (CS) activity in a separate subset of fish 

to assess the mitochondrial density of the red and white muscle combined (N=8– 10 per 

treatment; McClelland et al., 2005). Briefly, a ∼25 mg muscle steak was excised from the 

posterior end of each fish, frozen in liquid nitrogen, and homogenized on ice in 20 volumes of 

homogenization buffer (20 mmol l-1 Hepes, 1 mmol l-1 sodium EDTA and 0.1% Triton X-100; 

pH 7.4). We determined CS activity at 25°C, by measuring the rate of change in absorbance at 

412 nm for 10 min. The assay buffer contained 0.1 mmol l-1 5,5′-dithiobis-(2- nitrobenzoic acid), 

0.3 mmol l-1 acetyl CoA and 0.5 mmol l-1 oxaloacetate, in 50 mmol l-1 Tris-HCl (pH 8.0). A 

control well lacking oxaloacetate was used to correct for background thiolase activity. We 

standardized CS activity to protein content (Bradford, 1976). 

 

Terrestrial locomotor performance  

 To assess terrestrial locomotor performance, we jumped fish to exhaustion, as before 

(N=9–10 per treatment; McFarlane et al., 2019). Briefly, we placed fish in a terrarium (30 cm×60 

cm) lined with moist filter paper. Following a 2 min adjustment period, we encouraged fish to 
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jump by gently prodding them with a consistent touch using a clicker ballpoint pen until 

exhaustion (i.e. when fish were unresponsive to prodding). We video recorded jumping trials and 

quantified the number of jumps, as well as the total and average jump distance (standardized to 

individual body length) from video recordings (Brunt et al., 2016). 

 

Statistical analyses 

 Statistical analyses were performed using RStudio (version 1.1.447). Data and residuals 

were originally assessed for homogeneity of variance using Levene’s tests and normality using 

Shapiro–Wilk tests, respectively. Data were appropriately transformed when necessary. We used 

two-way ANOVAs to analyse the effect of rearing condition and adult air exposure on all 

examined traits. When a significant interaction was present in the data, the data were divided by 

rearing condition to determine the effect of air exposure on the adult phenotype using two-tailed 

t-tests. We performed a linear regression to determine the relationship between the size of red 

muscle fibers and the total jump distance. Results were considered significant at α<0.05.  

 

4.4 Results 

Neuroepithelial cell density and size, and whole-body hypoxia sensitivity 

 5-HT-immunopositive NECs were located on the efferent aspect of the gill filaments as 

well as on the skin, and were in close proximity to zn-12-immunopositive nerve fibers (Fig. 4.2). 

The O2 sensing system exhibited little developmental plasticity (Fig. 4.3), with rearing condition 

only influencing cutaneous NEC size (two-way ANOVA: P<0.001; Fig. 4.3D). The cutaneous 

NECs of fluctuating fish were 18% smaller than those of constant fish. In contrast, we found 
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evidence for phenotypic flexibility in the density and size of NECs in both the gills and skin (Fig. 

4.3). Interestingly, the rearing environment affected the capacity for phenotypic flexibility in gill 

NEC density, as evident by an interaction between rearing treatment and adult air exposure (two-

way ANOVA: interaction P=0.03; Fig. 4.3A). Adult air exposure increased (23%) the NEC 

density of constant fish (t-test: P=0.04), but did not affect that of fluctuating fish (t-test: P=0.39). 

A similar trend was evident in cutaneous NEC density (Fig. 4.3B). Adult air exposure caused a 

significant decline in NEC size in both tissues (gills two-way ANOVA: P<0.001; skin two-way 

ANOVA: P<0.01; Fig. 4.3C,D), regardless of rearing condition. 

Rearing environment had an impact on the scope for phenotypic flexibility in the 

emersion response to acute aquatic hypoxia (two- way ANOVA: interaction: P=0.02; Fig. 4.3E). 

Constant (t-test: P=0.02), but not fluctuating (t-test: P=0.52) fish emersed at significantly higher 

[O2] following adult air exposure. 

 

Cutaneous capillarity and gill morphology 

 Cutaneous capillarity was not developmentally plastic (two-way ANOVA: P=0.69), but 

was phenotypically flexible (two-way ANOVA: P<0.01) (Fig. 4.4A). Fish exhibited a 1.5-fold 

increase in CD31 intensity in the ventral skin following adult air exposure. We found no 

significant changes in gill lamellae coverage by ILCM with treatment (two-way ANOVA: 

P=0.58, P=0.25; Fig. 4.4B). 
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Ventricle size and red muscle capillarity 

 The maximum cross-sectional area of the ventricle demonstrated significant 

developmental plasticity (two-way ANOVA: P=0.03) (Fig. 4.5A). The maximum cross-sectional 

area of the ventricle of constant fish was 14% larger than that of fluctuating fish. The number of 

capillaries in the red muscle was not altered by any treatment (two-way ANOVA: P=0.55, 

P=0.16; Fig. 4.5B). 

 

Red skeletal muscle phenotype 

 Muscle phenotype was modulated by both rearing environment and adult air exposure. 

Fish raised under fluctuating conditions had 10% more red muscle fibers than fish reared under 

constant conditions (two-way ANOVA: P=0.03) (Fig. 4.6A). Similarly, fluctuating fish had 29% 

larger red muscle fibers than constant fish (Fig. 4.6B). The rearing environment also affected the 

capacity for phenotypic flexibility in the size of red muscle fibers (two-way ANOVA: P=0.02). 

Adult air exposure resulted in significant hypertrophy of red muscle fibers in constant fish (t-test: 

P<0.01), with no change in fluctuating fish (t-test: P=0.18) (Fig. 4.6B). We found no evidence of 

phenotypic flexibility in the number of red muscle fibers (two-way ANOVA: P=0.59) (Fig. 

4.6A). We found no change in SDH staining intensity (two-way ANOVA: P=0.39, P=0.16) or 

CS activity in the skeletal muscle (two-way ANOVA: P=0.11, P=0.28) with treatment (Fig. 

4.6C,D). 
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Terrestrial jumping performance 

 Terrestrial jumping performance exhibited both developmental plasticity and phenotypic 

flexibility. The number of jumps that fish performed before exhaustion was developmentally 

plastic (two-way ANOVA: P<0.01); fluctuating fish could perform >15 more jumps than 

constant fish (Fig. 4.7A). We found a similar trend in the average and total jump distance (Fig. 

4.7B,C). Rearing condition also affected the scope for phenotypic flexibility in both the average 

(two-way ANOVA: interaction P<0.001) and total jump distance (two-way ANOVA: interaction 

P=0.02). Constant fish jumped significantly further (>100 body lengths) following adult air 

exposure (t-test: P<0.01), while the distance travelled by fluctuating fish did not change (t-test: 

P=0.62) (Fig. 4.7C). The average jump distance followed a very similar trend (Fig. 4.7B). 

Finally, we found a significant positive correlation between the size ofred muscle fibers and the 

total distance fish travelled before reaching exhaustion (linear regression: P=0.01, R2=0.18) (Fig. 

4.S3). 

 

Summary 

 Overall, we found that exposure to fluctuating water–air environments induced 

developmental plasticity in several traits along the O2 cascade (i.e. skin NEC size, maximum 

cross-sectional area of the ventricle, number of red muscle fibers, number of jumps before 

exhaustion). We also found that the rearing environment had an impact on the capacity for 

phenotypic flexibility in response to adult air exposure; constant fish exhibited phenotypic 

flexibility in eight traits (i.e. gill NEC density, gill NEC size, skin NEC size, pO2 at emersion, 

cutaneous capillarity, red muscle fiber size, average jump distance, total jump distance), whereas 
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fluctuating fish exhibited phenotypic flexibility in only three traits (i.e. gill NEC size, skin NEC 

size, cutaneous capillarity). 

 

4.5 Discussion 

 We used the amphibious K. marmoratus to test the hypothesis that fish exposed to 

fluctuating water–air environments during development exhibit no permanent developmental  

changes along the O2 cascade compared with fish reared under constant conditions because 

fixing mean trait values to suit one environment (e.g. land) could be maladaptive when exposed 

to another environment (e.g. water). In support of our hypothesis, the development of the O2 

sensing system in K. marmoratus was largely unaffected by water–air fluctuations during early 

life, as were traits related to O2 uptake. The lack of developmental plasticity, also termed 

developmental canalization (Debat and David, 2001), implies that irreversibly altering these 

traits for repeated air exposure may result in a costly phenotype–environment mismatch when 

fish spend time in water. Unexpectedly, we found evidence for marked developmental changes 

in traits related to O2 transport and utilization. We suggest that the water–air phenotype induced 

during development (e.g. larger red muscle fibers) is not maladaptive in an aquatic environment 

and/or that the energetic cost of repeated remodelling in response to adult air exposure is 

significant. We also tested the hypothesis that fish reared under fluctuating conditions would be 

highly phenotypically flexible as adults. However, fish from both rearing environments exhibited 

the same degree of phenotypic flexibility in traits involved with O2 sensing (NEC size) and O2 

uptake (cutaneous capillarity). Surprisingly, in other cases, exposure to fluctuating water–air 

conditions during development attenuated phenotypic flexibility in later life, despite the fact that 
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phenotypic flexibility is hypothesized to be favoured when early environments are unstable. It is 

important to note, however, that our experiment was ‘one-sided’ in the sense that fish reared in a 

fluctuating environment had exposure to air while those in constant conditions did not. It is 

unknown whether the scope for phenotypic flexibility would similarly be blunted if fish were 

reared solely in air (although this rearing condition is an impossibility). Nevertheless, our 

findings suggest that energetic and/or performance trade-offs may mediate the phenotypic 

responses of K. marmoratus at different levels of the O2 cascade. Moreover, exposure to 

fluctuating water–air environments during early life can diminish the scope for plasticity in 

response to air exposure in later life stages. 

 

O2 sensing 

 We found little developmental plasticity in the O2 sensing system, as only cutaneous 

NEC size was affected by the rearing environment. Fish reared under fluctuating conditions 

possessed significantly smaller cutaneous NECs relative to fish reared under constant conditions. 

Similar findings have been reported in mammalian studies, in which early life exposure to 

hyperoxia significantly reduces the volume of the carotid body (i.e. the analogue of gill NECs in 

mammals; Hockman et al., 2017) – a change that persists into adulthood (Bavis et al., 2011). 

Interestingly, NECs in the gills did not change in size with repeated air exposure during early 

development, suggesting that the mechanisms underpinning NEC development may differ 

between the gills and skin and/or that the sensitivity of NECs to environmental O2 levels during 

early life differs between these tissues.  
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The O2 sensing system exhibited a high degree of phenotypic flexibility in response to 

adult air exposure. We found that NECs in both the gills and skin decreased in size following 

adult air exposure regardless of rearing treatment. Our findings are consistent with previous work 

from our laboratory showing that hypoxia acclimation increased NEC size in the gills and skin of 

adult K. marmoratus (Regan et al., 2011), thus suggesting that O2 availability in adulthood 

modulates NEC size in this species. Interestingly, we also found that fish reared under constant, 

but not fluctuating conditions, exhibited an increase in NEC density in the gills and skin 

following adult air exposure, as well as increased whole-body hypoxia sensitivity. The opposite 

trend has been reported in zebrafish (Danio rerio), where gill NEC density and whole-body 

hypoxia sensitivity was decreased after hyperoxia acclimation (Vulesevic et al., 2006). 

Therefore, we suggest that whole-body hypoxia sensitivity in fish may be controlled, in part, by 

NEC density. Alternatively, increased whole-body hypoxia sensitivity in constant fish following 

adult air-exposure may have been caused by a reduction in hypoxia tolerance (i.e. increased 

critical partial pressure of O2; Turko et al., 2012). Moreover, we suggest that other factors 

(besides O2 levels) associated with air exposure may drive NEC proliferation in the gills and skin 

of K. marmoratus. For example, air exposure elicits a significant rise in internal CO2 levels in K. 

marmoratus (L. Tunnah, C. Robertson, A. Turko and P.A.W., unpublished data). Elevated 

internal CO2 levels during air exposure may cause proliferation of gill and skin NECs in K. 

marmoratus, as exogeneous exposure to high CO2 has previously been demonstrated to cause 

proliferation of gill NECs in this species (Robertson et al., 2015). Our findings also indicate that 

the exposure to fluctuating environments blunts flexibility in NEC density in response to adult 

air exposure, but the underlying mechanism remains unknown. 
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O2 uptake and transport 

 The traits related to O2 uptake that we measured (i.e. gill morphology, cutaneous 

capillarity) were not developmentally plastic. While some studies have similarly demonstrated 

that environmental O2 availability during development has no effect on the respiratory structures 

of fishes (e.g. Trichopodus trichopterus; Mendez-Sanchez and Burggren, 2019), others have 

shown the opposite effect (e.g. Pseudocrenilabrus multicolor victoriae, Chapman et al., 2008; 

Polypterus senegalus, Turko et al., 2019). In terms of O2 transport, we found that water–air 

fluctuations during development significantly reduced ventricle size. Surprisingly, very few 

studies have examined how perturbations in environmental O2 availability can alter the cardiac 

morphology of fishes (Gamperl and Farrell, 2004; Motyka et al., 2017), particularly during early 

life. There is some evidence to suggest that chronic hypoxia exposure has no effect on the heart 

size of adult fishes (e.g. Sciaenops ocellatus; Pan et al., 2017), but can alter other cardiac traits 

(e.g. mitochondrial size in Platichthys flesus; Lennard and Huddard, 1992). Even less is known 

about cardiac remodelling in response to hyperoxia/air exposure among fishes, but mammalian 

studies have shown that relatively high O2 availability can result in a reduction of heart mass 

(Fan et al., 2005). The persistent effects of water–air fluctuations on the cardiac morphology of 

K. marmoratus may indicate that any performance costs associated with a reduced ventricle size 

(e.g. reduced cardiac output) during aquatic exposure are marginal. 

 Cutaneous capillarity was highly phenotypically flexible in K. marmoratus. Adult air 

exposure proliferated cutaneous capillaries, as previously reported in this species (Cooper et al., 

2012; Turko et al., 2014; Blanchard et al., 2019). Increased cutaneous capillarity is presumed to 

enhance the O2 uptake capacity of amphibious species on land (Graham, 1997; Blanchard et al., 
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2019), but may be detrimental in aquatic environments if less blood is available for branchial gas 

exchange. Thus, the use of phenotypic flexibility over developmental plasticity may buffer 

against a potential phenotype–environment mismatch in water. Although the O2 transport 

capacity (ventricle size, red muscle capillarity) was unaffected by adult air exposure in this 

study, in previous studies we reported increased blood O2 transport (i.e. increased [hemoglobin] 

and hematocrit) in air-exposed K. marmoratus (Turko et al., 2014; Blanchard et al., 2019). 

Similarly, rainbow trout (Oncorhynchus mykiss) improved blood O2-carrying capacity by 

increasing the concentration of hemoglobin in their blood following exposure to intermittent 

aquatic hyperoxia (Ritola et al., 2002). Therefore, we suggest that flexibly altering hematological 

parameters, rather than heart size, in response to elevatedO2 availability may be preferable for 

modulating O2 transport during terrestrial sojourns. 

 

O2 utilization and aerobic performance 

 The early life environment had a pronounced impact on skeletal muscle phenotype. 

Fluctuating fish developed more red muscle than constant fish, which correlated with better 

terrestrial performance, as previously demonstrated in this species (Rossi et al., 2019; McFarlane 

et al., 2019). These skeletal muscle changes are unlikely to be the result of terrestrial activity 

because air-exposed K. marmoratus remain quiescent (Turko et al., 2014), and we found no 

change in the aerobic capacity (SDH intensity) of the red muscle, which increases considerably 

after terrestrial exercise training (McFarlane et al., 2019), but not air exposure alone (Rossi et al., 

2018). Rather, the structure of skeletal muscle in fishes can be highly sensitive to environmental 

O2 availability, particularly during early life (Matschak et al., 1997). For instance, rainbow trout 
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(O. mykiss) reared in hyperoxia developed more red muscle relative to controls in normoxia, 

whereas trout reared in hypoxia developed less (Lefèvre et al., 2007). Despite having more red 

muscle, we found no change in total muscle mitochondrial density in fish reared under 

fluctuating conditions. However, the vast majority of the skeletal musculature in fishes is white 

muscle (>90%; Bone, 1978), which may have masked red muscle-specific changes in 

mitochondrial content. The fact that the locomotor performance correlated positively with red 

muscle fiber size is suggestive of enhanced O2 utilization, but further studies are required to 

understand the mechanism(s).  

Finally, we found that the early life environment influenced the scope for phenotypic 

flexibility in the red muscle. Constant fish exhibited hypertrophy of their red muscle fibers after 

adult air exposure, matching that of fluctuating fish. However, phenotypic flexibility was not 

observed in the red muscle of fluctuating fish, possibly because developmental modifiers had 

maximally increased their red muscle fiber size. Interestingly, wild-caught K. marmoratus also 

have more red muscle (i.e. more and larger red muscle fibers) than laboratory-reared fish and are 

less phenotypically flexible in response to adult air exposure (G.S.R. and A. J. Turko, 

unpublished data). The phenotypic similarities between wild and laboratory-reared (fluctuating) 

K. marmoratus implies that water–air fluctuations frequently occur during the early life stages of 

fish in the wild. Indeed, K. marmoratus embryos (Taylor, 2012) and larvae (D. S. Taylor and 

P.A.W., personal observation) have been found out of water in the wild. The fact that K. 

marmoratus has evolved under fluctuating conditions may explain the fundamentally different 

patterns of phenotypic flexibility observed in the muscle of constant versus fluctuating 

laboratory-reared fish, as well as in other traits (e.g. gill NEC density, pO2 at emersion, average 
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and total jump distance) throughout this study. It is important to note, however, that there 

are numerous traits that we could have examined along the O2 cascade, and that each may have 

exhibited a slightly different response to the rearing environment and to adult air exposure. On 

the one hand, the O2 cascade is an integrated system and thus phenotypic changes at one level of 

the cascade are often accompanied by parallel changes at other levels (Di Prampero, 1985; 

Hoppeler and Weibel, 1998). On the other hand, only a broader survey of traits under the same 

experimental conditions would elucidate whether this is the case in K. marmoratus, and whether 

the patterns of plasticity observed in our study apply to the O2 cascade more broadly. 

 

Conclusions and perspectives 

 The environment during early life can provide important information about the mean 

environmental conditions as well as the variability in those conditions in the future (Beaman et 

al., 2016; Stamps and Frankenhuis, 2016), particularly when animals occupy the same 

environment throughout life. The variability we subjected fish to was not consistently 

predictable, as the length of air exposure increased over time. Therefore, we anticipated that fish 

exposed to fluctuating conditions during development would be highly phenotypically flexible as 

adults because the cues from their early life environment would predict high environmental 

variability in the future. Paradoxically, our study demonstrates that various phenotypically 

flexible responses were blunted in K. marmoratus when reared under fluctuating water–air 

conditions. Fish reared under constant conditions exhibited phenotypic flexibility in response to 

adult air exposure in eight traits measured along the O2 cascade, whereas fluctuating fish only 

exhibited flexibility in three traits. Why?  
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One possible explanation is that when environments fluctuate on rapid and/or 

unpredictable time scales, organisms may express a fixed phenotype that reduces temporal 

variation in fitness rather than relying on phenotypic flexibility (i.e. bet-hedging; Childs et al., 

2010). For example, some birds alter the size and number of eggs produced in each clutch 

depending on the prevailing environmental conditions (i.e. phenotypic flexibility), while others 

consistently produce eggs of an intermediate size that may not be optimal for any environment, 

but reduces variation in fitness over time (Marshall et al., 2008; Olofsson et al., 2009). Thus, K. 

marmoratus may permanently alter some traits during development (e.g. red fiber size) in order 

to reduce the variation in fitness experienced when transitioning between water and land. This 

unexpected pattern of plasticity could presumably occur in any trait, and in response to any 

stressor, if the time required for reversible remodelling exceeds the duration of environmental 

change. Alternatively, phenotypic flexibility may have been blunted in K. marmoratus due to the 

energetic costs of phenotype remodelling. Organisms may express a fixed phenotype if the 

fitness advantage gained from repeated remodelling to two (or more) differing environments is 

outweighed by the energetic cost (DeWitt et al., 1998). Although phenotypic flexibility is 

generally presumed advantageous under fluctuating conditions, we suggest that the frequency 

and/or predictability of environmental fluctuations as well as the fitness and/or energetic costs 

associated with repeated reversible remodelling are important factors that mediate phenotypic 

responses to environmental change. 

In some traits, there was no evidence of developmental plasticity in response to 

environmental fluctuations, but surprisingly the adult response was significantly curtailed (e.g. 

gill NEC density). Such a scenario suggests that water–air fluctuations may have altered the 
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underlying molecular mechanisms of these traits during development, resulting in the apparent 

attenuation of adult phenotypic flexibility. Alternatively, the expression of phenotypic flexibility 

in constant fish may represent a maladaptive response to adult air exposure, as phenotypic 

flexibility is not universally adaptive (Velotta and Cheviron, 2018). Taken together, our data 

provide compelling evidence that early life exposure to fluctuating water–air environments alters 

mean adult traits in the O2 cascade, as well as fine-tunes the reversible adult response to the 

water–air transition. 
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4.7 Figures 

 

 

Figure 4.1. Schematic representation of the experimental timeline. Circles (filled, constant; 

open, fluctuating) indicate when Kryptolebias marmoratus were sampled to evaluate the adult 

phenotype after rearing in (A) constant water or (B) a fluctuating water–air environment 

(developmental plasticity). Squares (filled, constant; open, fluctuating) represent when fish were 

sampled to evaluate the capacity for adult phenotypic flexibility in response to 14 days of air 

exposure. 
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Figure 4.2. Representative confocal images of 5-HT-immunopositive NECs (green) and zn-12 

immunopositive nerve fibers (red). NECs were present on (A) the efferent aspect of the gill 

filaments and (B) the skin of K. marmoratus. Nerve fibers were found in close association with 

NECs in both tissues. Scale bars: 100 μm. 
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Figure 4.3. Phenotypic plasticity in the O2 sensing system of K. marmoratus. The adult 

phenotype after rearing (Control) and after 14 days of air exposure (Air) in (A,B) the density of 

neuroepithelial cells (NECs) in the gills and skin, (C,D) the size of NECs in the gills and skin, 

and (E) the pO2 at emersion. §Significant interaction between the rearing condition and air 

exposure. When a significant interaction was detected, we compared control and air-exposed fish 

within each rearing group. *Significant difference between control and air exposed fish within 

the constant rearing group (phenotypic flexibility). ‡Significant main effect of rearing condition 

(developmental plasticity). Different lowercase letters (a,b) denote a significant main effect of air 

exposure (phenotypic flexibility). N=7–12 per treatment. 
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Figure 4.4. Phenotypic plasticity in traits involved with O2 uptake in K. marmoratus. The adult 

phenotype after rearing (Control) and after 14 days of air exposure (Air) in (A) the cutaneous 

capillarity (CD31) and (B) the percentage of the lamellae covered by an interlamellar cell mass 

(ILCM). Different lowercase letters (a,b) denote a significant main effect of air exposure 

(phenotypic flexibility). N=8–10 per treatment. 



 

 

130 

 

 

Figure 4.5. Phenotypic plasticity in traits involved with O2 transport in K. marmoratus. The 

adult phenotype after rearing (Control) and after 14 days of air exposure (Air) in (A) the 

maximum ventricle size and (B) the red muscle capillarity. See Fig. 3 for explanation of 

symbols. N=5–10 per treatment. 
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Figure 4.6. Phenotypic plasticity in traits involved with O2 utilization in the 

skeletal muscle of K. marmoratus. The adult phenotype after rearing (Control) and after 14 days 

of air exposure (Air) in (A) the number of red muscle fibers, (B) the size of red muscle fibers, 

(C) the succinate dehydrogenase (SDH) staining intensity in the red muscle (a.u., arbitrary units) 

and (D) the citrate synthase (CS) activity in the red and white muscle. See Fig. 4.3 for 

explanation of symbols. N=8–10 per treatment. 
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Figure 4.7. Phenotypic plasticity in the terrestrial locomotor performance of K. marmoratus. The 

adult phenotype after rearing (Control) and after 14 days of air exposure (Air) in (A) the number 

of jumps, (B) the average jump distance (BL, body lengths) and (C) the total jump distance (BL). 

See Fig. 4.3 for explanation of symbols. N=8–10 per treatment. 
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4.8 Supplemental Material 

 

Figure 4.S1. (A) The standard length and (B) mass of adult K. marmoratus after rearing 

(control), and a subsequent 14 day adult air-exposure period (air). The double dagger in the 

figure legend denotes a significant main effect of rearing condition (developmental plasticity). 

An X in the figure legend denotes a significant interaction between the rearing condition and air-

exposure. When a significant interaction was detected, we compared control and air-exposed fish 

within each rearing group; no significant differences were detected. N=25-34 per treatment.  
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Figure 4.S2. The ventricle size of K. marmoratus measured from all available 5 μm-thick 

sagittal sections at 15 μm intervals through the heart (i.e., 1 in every 3 sections; 17±3 sections 

per fish). The maximum ventricle size for each treatment group was determined from the peak in 

their respective distribution.  
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Figure 4.S3. The relationship between the total distance fish travelled before exhaustion in body 

lengths (bl) and the red muscle fiber size. Fish with larger red muscle fibers jumped further (p = 

0.01, R2 = 0.18).  
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Chapter 5: Leaving water makes fish smarter: Terrestrial exposure 

and exercise improves spatial learning in an amphibious fish 
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5.1 Abstract 

Amphibious fishes transition between aquatic and terrestrial habitats, and must therefore 

learn to navigate two dramatically different environments. We used the amphibious killifish 

Kryptolebias marmoratus to test the hypothesis that the spatial learning ability of amphibious 

fishes would be altered by exposure to terrestrial environments because of neural plasticity in the 

brain region linked to spatial cognition (i.e., dorsolateral pallium). We subjected fish to either 8 

weeks of fluctuating air-water conditions or terrestrial jumping exercise before assessing spatial 

learning using a food reward in a bifurcating T-maze, as well as neurogenesis in the dorsolateral 

pallium by immunostaining for proliferating cell nuclear antigen (PCNA). In support of our 

hypothesis, we found that fluctuating air-water conditions and terrestrial exercise improved 

spatial learning in K. marmoratus. Moreover, fish from the air-water and exercise groups had 

39% and 46% more proliferating cells in their dorsolateral pallium relative to the control group, 

respectively. Overall, our findings suggest that fish with more terrestrial tendencies may have a 

cognitive advantage over those that remain in water, which ultimately may influence their 

survival and reproduction in both aquatic and terrestrial settings. More broadly, understanding 

the factors that promote neural and behavioural plasticity in extant amphibious fishes may 

provide insights into how ancestral fishes successfully colonized novel terrestrial environments 

before giving rise to land-dwelling tetrapods. 

 

5.2 Introduction 

One of the most extreme ecological transitions has been the colonization of land by 

fishes. Water and air differ dramatically in their physical properties (e.g., density, viscosity), 
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which poses critical challenges for processes such as respiration, osmo- and ionoregulation, 

nitrogen excretion, feeding, and locomotion (Dejours, 1988; Sayer, 2005). These challenges 

suggest that traversing the air-water interface should be difficult for fishes and consequently 

quite rare, yet the ability to leave water has evolved ~87 times among bony fishes in the past 65 

million years (Damsgaard et al., 2020). There are >200 extant species of amphibious fish that 

transition between water and land as part of their natural history (Wright and Turko, 2016). 

While there are many notable challenges associated with an amphibious lifestyle, spatial 

navigation is one difficulty that has been largely overlooked. Some amphibious fishes must learn 

to navigate one habitat in both the presence and absence of water, such as mudskippers and 

blennies that become air-exposed due to receding tides (Gordon et al., 1985; Martin, 1995). 

Others must learn to navigate dramatically different aquatic and terrestrial habitats, such as 

killifishes that move overland from pond to pond (Turko and Wright, 2015; Espírito-Santo et al., 

2018). Fish that traverse the air-water interface arguably experience a more complex suite of 

environmental conditions than those that remain solely in water. Terrestrial environments 

provide a number of novel biotic (e.g., predators) and abiotic (e.g., wind, rain) stimuli that are 

not necessarily encountered in aquatic environments. Moreover, fish on land must negotiate 

obstacles and terrains that could otherwise be avoided at appreciable water depths. Learning the 

location of important environmental features (e.g., predators, food, refuge, mates) in both aquatic 

and terrestrial settings can be critical for survival and reproduction (Thinus-Blanc, 1996). 

There is mounting evidence that spatial cognition is a highly plastic trait in fishes. 

Exposure to dynamic and structurally complex environments can improve spatial learning 

(Spence et al., 2011; Carbia and Brown, 2019), and this effect is strongly associated with neural 
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plasticity in the dorsolateral telencephalic pallium (i.e., homolog to the mammalian hippocampus 

(Salas et al., 2003). For example, juvenile Atlantic salmon (Salmo salar) raised in tanks with a 

rocky substrate and aquatic plants exhibited increased neurogenesis in the telencephalon, and 

were faster at finding their way out of a four-armed maze than those from barren tanks (Salvanes 

et al., 2013). Physical exercise can similarly have positive effects on neurogenesis and spatial 

learning, although the vast majority of studies have focused on mammalian models (e.g., Li et 

al., 2013). Over the past few years, however, studies have emerged suggesting that swimming 

can have similar effects in fishes (Abreu et al., 2019; Mes et al., 2020).   

Locomotor movement in air is far more difficult than movement in water (Schmidt-

Nielsen, 1972). Even small bouts of terrestrial movement may therefore constitute exercise for 

amphibious fishes. Indeed, just 3 min of terrestrial exercise on alternate days induced dramatic 

skeletal muscle remodeling in the amphibious mangrove rivulus (Kryptolebias marmoratus) after 

only 2 weeks (McFarlane et al., 2019). If amphibious fishes face more complex environmental 

conditions and more challenging locomotion when they leave water, then does leaving water 

makes fish smarter? 

We used an amphibious killifish (K. marmoratus) to test the hypothesis that the spatial 

learning ability of amphibious fishes would be altered by exposure to terrestrial environments 

because of altered neurogenesis in their dorsolateral pallium. We predicted that fish subjected to 

air-water fluctuations and terrestrial exercise would exhibit enhanced neurogenesis in their 

dorsolateral pallium, as well as better maze learning abilities than fish maintained solely in 

water. Kryptolebias marmoratus inhabits ephemeral ponds and crab burrows throughout 

mangrove swamps of the tropical western Atlantic (Taylor, 2012) and frequently leaves water to 



 

 

141 

 

escape unfavourable aquatic conditions (e.g., hypoxia; Regan et al., 2011), and also to disperse, 

forage, or reproduce (Taylor, 1992; 2012). During seasonal droughts, K. marmoratus may also 

be forced out of water for several weeks (Taylor, 1990; 2012). Once out of water, K. marmoratus 

encounter complex terrestrial terrains (Fig. 5.S1) which they move across using a terrestrial ‘tail-

flip’ jumping behaviour (Pronko et al., 2013). We subjected fish to either 8 weeks of fluctuating 

air-water conditions or terrestrial jumping exercise before assessing spatial learning and 

neurogenesis in the dorsolateral pallium.  

 

5.3 Methods 

Experimental animals 

All experimental fish (n=85, 0.094 ± 0.001 g; mean ± SEM) were adult hermaphrodites 

of the self-fertilizing Kryptolebias marmoratus (strain HON9, originating from the Bay Islands, 

Utila, Honduras; Tatarenkov et al., 2010). Prior to experiments, fish were individually 

maintained in 120 ml plastic holding cups (~60 ml water, 15‰ salinity, 25°C) in the Hagen 

Aqualab at the University of Guelph on a 12 h:12 h light: dark cycle. Fish were fed live Artemia 

sp. nauplii three times weekly. All experimental procedures were approved by the University of 

Guelph Animal Care Committee (AUP 3891).  

 

Experimental protocol 

Fish were randomly assigned to one of three 8-week experimental acclimations: control 

(n=29), air-water (n=28), and terrestrial exercise (n=28) (Fig. 5.S2). At the start of the 

acclimation period, we transferred each fish from their holding cup into a 750 mL container 
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(Rubbermaid® TakeAlong® Deep Squares) with a rugose paraffin wax bottom (Fig. 5.S3). The 

purpose of the rugose wax bottom was to mimic the complex terrestrial terrain that K. 

marmoratus must navigate when air-exposed under natural conditions. The air-water containers 

were drained and refilled with the same water every 1–3 days (randomly assigned) such that 

water was absent for half of the acclimation period, except within the deepest crevasses of the 

paraffin wax bottom. We maintained constant water levels in the control and exercise containers 

(~500 ml water; 15‰ salinity, 25°C) throughout the acclimation period. On the same days that 

water was absent from the air-water containers (3-4 days per week), fish from the exercise 

treatment were removed and placed on moist filter paper in a terrarium (30 cm × 60 cm). After a 

2 min adjustment period, fish were exercised as previously described (McFarlane et al., 2019). 

Briefly, fish were encouraged to jump repeatedly via gentle prodding with a clicker ballpoint pen 

for 3 minutes (~50% exhaustion; McFarlane et al., 2019). Fish in the air-water treatment were 

fed Artemia sp. nauplii each day they were in water (3-4 days per week), and the control and 

exercise groups were fed on the exact same days. All fish were also fed bloodworms once per 

week on the same day. Water changes were performed in all groups every second week.  

 At the end of the 8 week acclimation, spatial learning was assessed in a subset of fish 

from each treatment group (control, n=20; air-water, n=19; exercise, n=20) using a bifurcating T-

maze modified from existing designs (e.g., Mamuneas et al., 2015) (Fig. 5.1). The T-maze was 

made of opaque grey plastic; a down piece (start arm; 24 × 6 × 6 cm) was connected to the 

midpoint of a cross piece (30 × 6 × 6 cm) to create the two goal arms. We familiarized fish to the 

T-maze by allowing them to swim freely within the maze in the 3 days prior to the learning trial 

(1 hour per day). To assess spatial learning, we suspended a bloodworm in each goal arm, which 
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were blocked from view using two staggered opaque partitions (Fig 5.1). The bloodworm in one 

arm was accessible to the fish (reward), while the bloodworm in the opposite arm was made 

inaccessible by placing it inside a mesh bag. The location of the reward bloodworm (i.e., right or 

left goal arm) was randomly assigned for each fish. At the start of each trial, an individual fish 

was collected in a hand-held dip-net and placed behind a removable opaque partition ~4 cm from 

the end of the start arm. After a 5 min adjustment period, the partition was lifted and fish were 

given 30 min to find (and eat) the reward bloodworm before they were returned to their 

acclimation container. Preliminary trials revealed that fish routinely found the reward 

bloodworm within a 30 min period. All fish were fasted for 3 days prior to the learning trials to 

ensure a similar motivation to find the reward bloodworm. We tested fish once per day over 10 

consecutive days between 8:00 AM – 12:00 PM. Each trial was video recorded using a webcam 

(Logitech Quickcam Pro, Fremont, CA, USA) mounted above the maze so that fish performance 

was not affected by an observer. Videos were analyzed to determine (i) the latency to find the 

reward bloodworm, (ii) the distance fish travelled before finding the reward bloodworm 

(standardized to body length), and (iii) the number of times fish entered a non-reward arm before 

finding the reward bloodworm, hereafter referred to as the number of errors.  Finally, we also 

measured the time fish spent attempting to eat the inaccessible bloodworm on the first day of the 

learning trial.   

 

Neurogenesis 

We assessed cell proliferation as a proxy for neurogenesis in the dorsolateral pallium of 

each fish using the S-phase marker, proliferating cell nuclear antigen (PCNA). The dorsolateral 
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pallium is thought to be homologous with the hippocampus of mammals and birds – the brain 

region responsible for spatial learning (Rodríguez et al., 2002; Vargas et al., 2009). Following 

the 8 week acclimation period, the subset of fish that were not assigned to the learning trials 

(control, n=9; air-water, n=9; exercise, n=8) were euthanized via cold-water immersion and 

immediately decapitated. Whole heads were fixed in 10% buffered formalin for 24 h and stored 

in 70% ethanol (4°C) until routine paraffin embedding was performed. The paraffin-embedded 

heads were serially cross-sectioned at 5 µm increments through the telencephalon (~200 µm 

range) and then stained for PCNA using a protocol modified from McDonald and Vickaryous 

(2018). Briefly, paraffin sections were deparaffinized in xylene and rehydrated with a graded 

ethanol series. Antigen retrieval was then performed by submerging the sections in citrate buffer 

(10 mM sodium citrate, 0.05% v/v Tween 20; pH 6) at 95°C for 12 min, and cooled at room 

temperature for 20 min. Following antigen retrieval, the sections were blocked (Immobilon® 

Block, Sigma Millipore) for 1 h at room temperature, then incubated overnight at 4°C in primary 

antibody (1:200 PCNA; Proteintech Group) diluted in phosphate-buffered saline (PBS; 137 mM 

NaCl,  15.2 mM Na2HPO4, 2.7 mM KCl, 1.5 mM KH2PO4; pH 7.8). The sections were then 

rinsed in PBS (3 × 5 min), incubated for 2 h at room temperature with secondary antibody 

diluted in PBS (1:500 Alexa Fluor 488 goat anti-rabbit IgG; Invitrogen), counterstained using 

DAPI, and coverslipped. We photographed 3 sections per individual in which the dorsolateral 

pallium was intact using an Eclipse Ti2 Series inverted epifluorescent microscope (Nikon 

Instruments; Melville, NY) and averaged the total number of PCNA + cells in the dorsolateral 

pallium (right and left side of the brain combined) across the 3 replicates.  
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Statistical analyses 

We used one-way analyses of variance (ANOVAs), followed by Tukey’s post hoc tests, 

to compare baseline (Day 1) maze performance (i.e., latency, distance, and errors) between 

groups. We performed a linear regression to determine the relationship between the latency to 

find the reward bloodworm and the time fish spend attempting to eat the inaccessible bloodworm 

on Day 1. To assess spatial learning, we first calculated the cumulative time, the cumulative 

distance travelled, and the cumulative number of errors made for the successive experimental 

days, correcting for baseline performance. The resultant ‘learning curves’ were fit with a second-

order polynomial model to allow for a curved relationship. We then tested whether the slopes of 

the ‘learning curves’ differed between the experimental treatments. Finally, we used a one-way 

ANOVA to compare the number of PCNA + cells in the lateral pallium between groups. All data 

was assessed for normality of residuals (Shapiro–Wilk) and homogeneity of variance (Bartlett’s 

test), and appropriately transformed when necessary. All statistical analyses were performed 

using RStudio (version 1.1.447) and all graphs were generated using GraphPad Prism (version 

8).  

 

5.4 Results 

The experimental treatments influenced baseline maze performance in K. marmoratus. 

The latency to find the reward bloodworm differed between groups on Day 1 (ANOVA; P=0.01; 

Fig. 5.2a). Control fish took significantly longer to find the reward bloodworm than both the air-

water (Tukey’s; P=0.02) and the exercise group (Tukey’s; P=0.01). We found a strong positive 

correlation between the latency to find the reward bloodworm and the time fish spend attempting 
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to eat the inaccessible bloodworm on Day 1 (linear regression; P<0.001, R2=0.43; Fig. 5.S4). We 

found no significant difference in the distance travelled (ANOVA; P=0.20) or the number of 

errors made (ANOVA; P=0.24) between groups on Day 1. The experimental treatments also 

influenced spatial learning in K. marmoratus. Compared to control fish, the air-water and 

exercise groups travelled an increasingly shorter distance before finding the reward bloodworm 

as the trial progressed (curve comparison; P=0.01; Fig. 5.2b). Although we found no such 

statistical differences in the time it took to find the reward bloodworm (curve comparison; 

P=0.14; Fig. 5.2c), fish from air-water and exercise groups spent 10% and 26% less cumulative 

time, respectively, searching for the reward compared to control fish. The experimental treatment 

had no effect on the number of errors made before finding the reward bloodworm (curve 

comparison; P=0.60). Finally, we found that the experimental treatments influenced cell 

proliferation in the dorsolateral pallium of K. marmoratus (ANOVA; P=0.026; Fig. 5.3). The 

exercise group had significantly more PCNA + cells in their dorsolateral pallium than the control 

group (Tukey’s; P=0.03). The number of PCNA + cells in the dorsolateral pallium of air-water 

fish did not significantly differ from that of the control (Tukey’s; P=0.11) or exercised fish 

(Tukey’s; P=0.75).  

 

5.5 Discussion 

We hypothesized that neurogenesis and the spatial learning ability of amphibious fishes is 

plastic and influenced by terrestrial exposure. Indeed, we found that K. marmoratus in the air-

water and terrestrial exercise groups were taking a more direct route to the food reward 

compared to control fish towards the end of the learning trials, suggesting that they had better 
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spatial learning abilities. Moreover, air-water and exercised fish had 39% and 46% more 

proliferating cells in their dorsolateral pallium relative to control fish, respectively, which likely 

reflects higher rates of neurogenesis (Rankin et al., 2004; Bertapelle et al., 2017). We also found 

that baseline maze performance (Day 1) differed between treatment groups. Air-water and 

exercised fish found the food reward significantly faster than control fish, in part because they 

spent less time trying to eat the inaccessible bloodworm. Taken together, our findings suggest 

that fish that spend more time on land may have a cognitive advantage over those that remain in 

water, and in turn may be more successful at navigating both aquatic and terrestrial environments 

with potential fitness advantages. 

 

Improved ‘smarts’ before spatial learning trials 

The 8 weeks of experimental acclimation dramatically altered baseline maze performance 

in K. marmoratus.  The air-water and exercised fish, which found the reward bloodworm 

significantly faster on Day 1, were possibly employing a ‘lose-shift foraging strategy’, whereby 

fish quickly moved on in the maze after realizing that the non-reward bloodworm was 

inaccessible (Nowak and Sigmund, 1993; Heydarnejad and Purser, 2016). Alternatively, 

enriched environments and physical exercise have both been shown to reduce stress in fishes and 

result in bolder behaviours, such as being more exploratory (Sinclair et al., 2014; Xu et al., 

2021). If fish subjected to air-water fluctuations and exercise were bolder and more exploratory 

than control fish, it may explain why they found the reward bloodworm faster on Day 1 of the 

learning trial.  
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Different baseline maze performances between groups may also relate to alterations in 

the ‘latent’ spatial learning ability of K. marmoratus. Latent spatial learning involves the gradual 

creation of a cognitive map of the environment in the absence of a reinforcement (e.g., food 

reward) (Tolman and Honzik, 1930). We allowed fish from all groups to become familiar with 

the maze in the 3 days prior to the learning trial in the absence of bloodworms. If air-water and 

exercised fish had superior latent learning abilities, or simply explored the maze more thoroughly 

than controls during the familiarization period, it might explain their better maze performance on 

Day 1. Although there are a number of possible reasons why baseline maze performance may 

have differed between groups, fish that were exposed to the terrestrial environment were faster 

foragers than those maintained solely in water. 

 

Spatial learning improved with terrestrial sojourns 

Exposure to fluctuating air-water conditions significantly improved spatial learning in K. 

marmoratus, possibly because fish were forced to interact with a structurally complex terrain 

each time they were air-exposed. Numerous studies have similarly demonstrated that acclimation 

to structurally complex environments can have positive effects on spatial cognition and 

neurogenesis in vertebrates, likely because maneuvering around obstacles and/or over tortuous 

terrains pose an increased demand on cognitive functions related to spatial navigation (Leggio et 

al., 2005; Salvanes et al., 2013; Carbia and Brown, 2019). On the other hand, exposure to 

terrestrial environments involves a number of morphological and physiological changes that 

could have also impacted brain function. For example, air-exposed K. marmoratus proliferate 

epidermal capillaries in the skin to enhance their capacity for aerial O2 uptake (Blanchard et al., 
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2019) and increase their blood O2 carrying capacity (Turko et al., 2014). Increased circulating 

blood O2 has been linked with improved cognitive performance in mammals (Scholey et al., 

1999), but it is unclear whether similar mechanisms can improve cognition in fishes. Finally, it is 

important to note that fish did not engage in rigorous terrestrial exercise during periods of air 

exposure, but we observed them moving overland within their acclimation containers (G. Rossi, 

pers. obs.). Terrestrial movement may therefore have contributed to the improved spatial 

learning of fish from the air-water group. Regardless, it is clear that air-water fluctuations in 

general can have dramatic effects on neural and cognitive processes in K. marmoratus. 

Exercise training is well known to enhance neurogenesis and spatial cognition in 

vertebrates (for a review, see Cassilhas et al., 2016), although relatively few studies have focused 

on fishes. Remarkably, we exercised fish for only 84 minutes out of the 80,640 total minutes 

(0.01%) during the 8-week experimental period, yet this was sufficient to induce significant 

neural (increased PCNA+ cells) and cognitive (better maze performance) changes in this species. 

Swim training also increased the expression of neurogenesis-associate genes in the dorsolateral 

pallium of Atlantic salmon (S. salar), including the expression of pcna (Mes et al., 2020). It is 

unknown how the positive effects of exercise on neurogenesis are mediated in fishes, but in 

mammals it is thought that hippocampal angiogenesis plays an important role (Palmer et al., 

2000; Fabel et al., 2003). Perhaps similar mechanisms are responsible for enhancing 

neurogenesis in the dorsolateral pallium of K. marmoratus as in the mammalian hippocampus, 

although this hypothesis warrants further investigation.  



 

 

150 

 

Perspectives 

In the wild, K. marmoratus are found in ephemeral pools in which they experience air-

water fluctuations, but they also leave water voluntarily and traverse terrestrial landscapes in 

search of prey and/or new aquatic environments (Taylor, 1992; 2012). Although our study was 

performed in captive fish, our findings indicate that terrestrial episodes promote neurogenesis in 

the telencephalon and enhance the spatial learning ability of this species. Thus, spending more 

time out of water on a daily basis during the wet season may improve navigation. However, 

when seasonal droughts occur, K. marmoratus seek moist terrestrial habitats (e.g., rotting 

logs) and may remain quiescent for weeks at a time in complete darkness (Taylor et al., 2008). 

The lack of movement and the deprivation of environmental stimuli may reverse the terrestrial 

enhancement on neurogenesis and spatial learning, an avenue for future investigation.   

Finally, the capacity for spatial learning and its neural mechanisms are highly conserved 

across vertebrate groups, suggesting inheritance from ancient fishes that gave rise to land-

dwelling tetrapods (Rodríguez et al., 2002; Salas et al., 2003; Broglio et al., 2003). Is it possible 

that ancient fishes similarly exhibited neural and behavioural plasticity from repeatedly 

traversing the air-water interface? If so, could it have helped them navigate and successfully 

colonize novel terrestrial environments? MacIver et al. (2017) recently demonstrated that the 

vertebrate invasion of land was preceded by the evolution of an increased visual range above 

water, which is thought to have promoted an increased capacity for spatial planning in ancient 

fishes. Since the colonization of land by extant amphibious fishes has obvious parallels with the 

origin of all land vertebrates, understanding the factors that facilitate successful land invasions in 

extant fishes can provide important insights into the evolutionary path to terrestrial life. 
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5.7 Figures  

 

Figure 5.1. Schematic representation of the T-maze used for spatial learning trials.   
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Figure 5.2. (A) Latency to eat the reward bloodworm on Day 1 of the learning trial. Different 

uppercase letters denote significant differences between the experimental treatments. (B) The 

cumulative distance travelled (in body lengths), and (C) the cumulative time elapsed (in seconds) 

before eating the reward bloodworm. The lines indicate the second-order polynomial fit for each 

treatment group. An asterisks indicates that the ‘learning curves’ differed significantly across the 

experimental treatments. Error bars represent s.e.m. N=19-20 per group. 
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Figure 5.3. (A) A representative transverse section through the telencephalon of K. marmoratus. 

The left half is a schematic that indicates the different telencephalic regions in the fish brain, and 

the right half is a representative photo of a stained paraffin section. The red box indicated the 

location of (B). Abbreviations: DD - dorsodorsal; DMd - dorsomedial dorsalis; DMv - 

dorsomedial ventralis; DLd - dorsolateral dorsalis; DLv - dorsolateral ventralis; DC - doralis 

centralis; DP - dorsalis posterior; VT - ventral telencephalon. (B) Representative region of the 

dorsolateral pallium indicating PCNA+ cells in green and DAPI-stained nuclei in blue. Scale bar 

= 50µm. (C) The number of PCNA+ cells in the dorsolateral telencephalic pallium (DLv) of each 

treatment group. Different uppercase letters denote significant differences between the 

experimental treatments. Error bars represent s.e.m. N=8-9 per group.  
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5.8 Supplemental Material 

 

Figure 5.S1. Photo of a mangrove pool on Long Caye, Belize, in which K. marmoratus reside 

(Site 5; Rossi et al., 2019). Photo by Giulia S. Rossi.  
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Figure 5.S2. Schematic representation of the experimental protocol.  
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Figure 5.S3: (A) Paraffin wax insert for acclimation container. Representative topographic map 

of acclimation containers (B) when filled with water and (C) with water drained. Blue shading 

indicates the approximate presence of water.  
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Figure 5.S4. The relationship between the time spent attacking the inaccessible bloodworm and 

the latency to find (and eat) the reward bloodworm on Day 1 of the learning experiment (linear 

regression; P<0.001; R2=0.43).  
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Chapter 6: General Discussion 
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6.1 Major findings  

 A central goal of my thesis was to investigate the strategies that amphibious fishes use to 

successfully occupy both aquatic and terrestrial habitats. Although the literature is replete with 

studies that describe various physiological and morphological adaptations that enable life on 

land, relatively few studies have focused on the importance phenotypic plasticity. Throughout 

this thesis, I explored how the amphibious mangrove rivulus (Kryptolebias marmoratus) alters 

the structure and function of their skeletal muscle to promote a favourable match between their 

phenotype and the terrestrial environment. More importantly, however, I leveraged the skeletal 

muscle of K. marmoratus to address broader biological questions, including how animal 

behaviour (e.g., microhabitat selection) and environmental experiences (e.g., rearing conditions) 

can alter an individual’s muscle phenotype, as well as the scope for phenotypic plasticity in the 

muscle and other related traits. Overall, my thesis has made a substantial contribution to our 

understanding of how amphibious fishes successfully occupy terrestrial habitats by providing 

evidence that phenotypic plasticity can play a crucial role in facilitating land invasions.  

 In Chapter 2 (Rossi et al., 2018), I investigated the cue for skeletal muscle remodeling in 

an amphibious fish out of water. This study was inspired by a previous study from our laboratory 

(Brunt et al., 2016), which found that the red skeletal muscle of K. marmoratus exhibited 

hypertrophic growth in response to 14 days of air exposure. Remarkably, fish remained inactive 

during the 14 day acclimation period, suggesting that this remodeling was not the result of 

terrestrial exercise. This surprising finding by Brunt et al. (2016) led me to test the hypothesis 

that muscle remodeling in K. marmoratus on land is driven by higher O2 availability in 

atmospheric air relative to water. In support of my hypothesis, I found that that O2 is a driver for 
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skeletal muscle remodeling in K. marmoratus on land, as both air-exposure and aquatic 

hyperoxia increased (>25%) the size of red muscle fibers. Surprisingly, aquatic hyperoxia 

acclimation also resulted in a transformation of the musculature to include large bands of 

oxidative-like muscle, indicating that the skeletal muscle K. marmoratus is highly responsive to 

environmental O2. Since the completion of this project, I contributed to an additional study that 

demonstrated that terrestrial exercise is also a major driver of skeletal muscle remodeling in K. 

marmoratus (McFarlane et al., 2019). Remarkably, only 3 minutes of jump training on alternate 

days resulted in the hypertrophy of red muscle fibers in K. marmoratus after 2 weeks, and 

significantly improved terrestrial locomotor performance. Taken together, these findings suggest 

that spending time out of water can have dramatic impacts on both the structure and function of 

skeletal muscle of amphibious fishes. 

 In Chapter 3 (Rossi and Wright, 2020), I investigated how K. marmoratus maintains the 

integrity of skeletal muscle during prolonged terrestrial sojourns, despite the inability to eat on 

land. Our laboratory had previously demonstrated that fish enter a state of metabolic depression 

during periods of prolonged air exposure, presumably to slow the depletion of their limited ‘on 

board’ energy stores (Turko et al., 2019). However, I was curious to know whether the 

microhabitats that K. marmoratus occupy during prolonged seasonal droughts (e.g., rotting logs) 

would also have an impact on their physiology. I first tested the hypothesis that animals seek 

hypoxic microhabitats that accentuate metabolic depression during dormancy. Using custom-

built tunnels that maintained a longitudinal O2 gradient (hypoxic to normoxic), I assessed the O2 

preference of K. marmoratus during prolonged air exposure. Remarkably, K. marmoratus 

preferred to spend more time in aerial hypoxia compared with aerial normoxia after 21 days in 
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air, possibly because aerial hypoxia exposure accentuated metabolic depression. I then tested the 

hypothesis that chronic aerial hypoxia acclimation would protect endogenous energy reserves 

and skeletal muscle integrity, thereby maintaining locomotor performance. Indeed, I found aerial 

hypoxia acclimation minimized glycogen usage, lipid catabolism, and white muscle atrophy, as 

well as preserved terrestrial locomotor performance. Following this study, I was curious to know 

whether other dormant taxa exhibited similar microhabitat selection strategies. I had the privilege 

of travelling to the University of Queensland in Australia to collaborate with Dr. Craig Franklin 

on a project that would address this question. We used the green-striped burrowing frog 

(Cyclorana alboguttata) to test whether frogs seek hypoxic microhabitats at the onset of 

aestivation. Cyclorana alboguttata was an excellent model species to explore this question 

because they aestivate in subterranean burrows that can be extremely hypoxic. Interestingly, we 

found that that frogs also preferentially occupied hypoxic microhabitats in response to habitat 

drying, and had significantly lower metabolic rates at the onset of aestivation when maintained 

under hypoxic conditions (Rossi et al., 2020a). The opportunity to travel to Australia and 

collaborate on this project with Dr. Craig Franklin was one of the highlights of my PhD.  

 In Chapter 4 (Rossi et al., 2020b), I was interested in understanding whether the 

environmental conditions experienced during early development contribute to the remarkable 

degree of phenotypic flexibility that K. marmoratus exhibit as adults. Together, my labmate 

(Paige Cochrane) and I tested the hypotheses that fish exposed to fluctuating water–air 

environments will be highly phenotypically flexible as adults because their early life experiences 

(i.e. environmental fluctuations) predict high environmental variability in the future. We reared 

hatchlings under constant (water) or fluctuating (water–air) environments until adulthood and 



 

 

169 

 

then assessed the phenotypically flexible responses of several traits along the oxygen cascade 

(e.g. neuroepithelial cell density and size, cutaneous capillarity, gill morphology, ventricle size, 

red muscle morphometrics, terrestrial locomotor performance) in response to air exposure. 

Surprisingly, we found little evidence to support our hypothesis. In many cases, exposure to 

water–air fluctuations during early development attenuated adult phenotypic flexibility despite 

the fact that phenotypic flexibility is hypothesized to be favoured when environments fluctuate. 

In another collaborative study (Rossi et al. 2019), my labmates (Paige Cochrane, Louise Tunnah) 

and I addressed a related question: does old age impact the scope for phenotypic flexibility in K. 

marmoratus? We found that ageing diminished the scope for flexibility as fish aged in some 

traits (e.g., gill surface area), but not in others (e.g., muscle capillarity). However, ageing had 

significant negative consequences for both the structure and function of the skeletal muscle; 

older fish had significantly smaller red and white muscle fibers than their younger counterparts, 

and had poorer terrestrial locomotor abilities (Rossi et al., 2019a). Together, these studies make a 

significant contribution to understanding how the scope of phenotypic flexibility changes 

throughout life, from the earliest of life stages through to old age.  

In Chapter 5 (Rossi and Wright, in review), I wanted to understand the broader role of 

skeletal muscle and terrestrial locomotion in facilitating land invasions by fishes. I tested the 

hypothesis that time spent in a terrestrial environment would improve spatial cognition in 

amphibious fishes, and enhance neurogenesis in the brain region linked to spatial cognition (i.e., 

dorsolateral pallium). I subjected fish to either 8 weeks of terrestrial jumping exercise or 

fluctuating air-water conditions before assessing spatial learning and neurogenesis in the 

dorsolateral pallium. Interestingly, I found that leaving water made fish smarter, as both 
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terrestrial exercise and air exposure improved the spatial learning ability of K. marmoratus, and 

enhanced neurogenesis in the dorsolateral pallium. I was particularly excited about these findings 

because the capacity for spatial learning and its neural mechanisms are highly conserved across 

vertebrate groups, suggesting that they were inherited from the ancient fishes that gave rise to 

land-dwelling tetrapods (Rodríguez et al., 2002; Salas et al., 2003; Broglio et al., 2003). Thus, 

understanding the factors that facilitate land invasions in extant fishes may provide valuable 

insights into how our own aquatic ancestors successfully colonized novel terrestrial 

environments.  

 

6.2 Thesis limitations 

 Throughout this thesis, I described a variety of methods and experimental protocols that 

allowed me to assess how K. marmoratus responds to terrestrial exposure across multiple levels 

of biological organization. I used biochemical (e.g., enzyme assays), tissue-level (e.g., 

histological analyses), and whole animal-level (e.g., O2 consumption, behavioural assays) 

approaches to better understand how amphibious fishes cope with life on land. However, there 

are limitations to the types of data that can be collected and conclusions that can be drawn from 

each of these methods and protocols. I discuss some of the major limitations below. 

 A major goal of this thesis was to characterize how the skeletal muscle of amphibious 

fishes remodels in response to air exposure. In Chapter 2, I used a variety of histological stains to 

assess different aspects of the muscle phenotype including the number and size of red and white 

muscle fibers (slow myosin stain), the aerobic capacity of the red muscle (succinate 

dehydrogenase stain), as well as the capillarity of the red muscle (alkaline phosphatase and 
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CD31 stain). However, there are numerous other changes that may have occurred in the muscle 

that I did not investigate. For example, fishes can alter the mitochondrial volume (e.g., Johnston 

and Maitland, 1980) or the relative proportions of different myosin isoforms (e.g., Watabe et al., 

1995) in their muscle fibers in response to changing environmental conditions. On one hand, the 

small size of K. marmoratus (~1.5-2 cm in length) played a role in limiting the methods I used to 

assess muscle-related traits. For example, many studies measure the activity of citrate synthase in 

the white or red muscle as a proxy for mitochondrial density (e.g., McClelland et al., 2006), but 

the small size of K. marmoratus makes it nearly impossible to dissect each muscle type 

separately for this type of analysis. On the other hand, there are other techniques that could have 

been used to circumvent this challenge, such as using transmission electron microscopy to 

perform ultrastructural analyses of K. marmoratus muscle fibers. Given the dramatically 

different pressures imposed on the skeletal muscle of fishes that transition between water and 

land, it would be interesting to investigate plasticity in other muscle-related traits in future 

studies.  

 In Chapter 3, I tested the hypothesis that fish would seek hypoxic microhabitats that 

would accentuate metabolic depression during periods of prolonged air exposure. To assess the 

environmental O2 preference of fish on land, I monitored fish movement in an O2 choice 

chamber during the first and final day of a 21-day air exposure period. Ideally, fish activity 

would have been monitored across all 21 days, but generating the O2 gradient was extremely N2-

intensive (~1 N2 cylinder every 3 days). I performed the behavioural assessment in 35 fish over 

seven 21-day experimental trials, which would have required ~50 N2 cylinders to generate the O2 

gradient continuously. For this reason, I opted to assess the O2 preference of K. marmoratus at 



 

 

172 

 

the start and end of each 21-day trial only. It also would have been ideal to assess the O2 

consumption rate of fish acclimated to aerial hypoxia for 21 days, rather than that of fish exposed 

to aerial hypoxia acutely. However, it was difficult to prevent fish from experiencing rapid 

reoxygenation during the transfer from their humid acclimation cups to the micro-respirometry 

chambers.  I attempted on several occasions to perform a 21-day aerial hypoxia acclimation 

within a home-made ‘glove box’ so that fish could be transferred from their acclimation cups 

into the micro-respirometry chambers without reoxygenation. However, the small size of the 

micro-respirometry chambers (~1 ml) required that the gloves be cut to improve dexterity, which 

quickly caused reoxygenation in the glove box during the time it took to place fish in the small 

chambers. Fish experienced a rapid reoxygenation event (40 to 100% air saturation within 

seconds) during the transfer to micro-respirometry chambers, then a rapid deoxygenation event 

(100 to 40% air saturation within minutes) a few minutes later. Therefore, I was not confident 

that the reoxygenation and deoxygenation events had no effect on O2 consumption. Although I 

considered other possibilities, the small size of the fish and their sensitivity to handling were 

restrictive. Nevertheless, the hypoxia-seeking behaviour exhibited by K. marmoratus in this 

study is an interesting phenomenon that warrants further investigation.  

In Chapter 4, I was interested in understanding the interaction between developmental 

plasticity and adult phenotypic flexibility in fish raised under fluctuating environmental 

conditions. I first reared fish under two different environmental conditions (i.e., constant water or 

fluctuating air-water conditions) until adulthood. I then assessed a suite of traits along the O2 

cascade to determine whether the rearing condition altered the constitutive adult phenotype 

(developmental plasticity). By the end of the developmental period, fish in the air-water group 
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were alternating between air and water on 7 day cycles (i.e., 7 days in air, followed by 7 days in 

water). Since the developmental period ended after a final week in water, I assumed that any 

phenotypic flexibility from the previous bout of air-exposure would be reversed. I made an effort 

to measure traits that either do not change within 7 days of air exposure (e.g., muscle 

remodelling does not occur until 14 days in air), or that reverse within this time frame (e.g., gill 

ILCM is built in 7 days, but is shed in 1-3 days; G. Rossi, unpublished data). However, it is 

possible that differences in the constitutive adult phenotype may reflect residual flexible 

responses from the previous 7-day air-exposure period. In hindsight, I should have included an 

additional group of fish that were maintained in water for several week or months following the 

rearing period to confirm whether developmental changes were in fact irreversible. However, the 

approach I took did indeed show that the environmental conditions a fish experiences during 

early development can dramatically alter their constitutive adult phenotype, as well as how they 

respond to environmental change during adulthood.  

In Chapter 5, I was able to link changes in the spatial learning ability of K. marmoratus to 

altered rates of neurogenesis in the dorsolateral pallium by staining for proliferating cell nuclear 

antigen (PCNA). Although PCNA has previously been used as a proxy for neurogenesis (e.g., 

Rankin et al., 2004; Bertapelle et al., 2017), PCNA is not a nerve cell-specific marker and it also 

positively stains cells undergoing DNA repair (Miura et al., 1992). An alternative (or additional) 

method for assessing neurogenesis would have been to inject fish with the cell tracer, 5'-bromo-

2'-deoxyuridine (BrdU). BrdU is a thymidine analog that incorporates into dividing cells during 

DNA synthesis. Several days following injection, newly formed neuronal cells can be detected 

by euthanizing the fish, and then sectioning and staining for BrdU in combination with neuronal 
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markers (e.g., NeuN) (Wojtowicz and Kee, 2006; McDonald and Vickaryous, 2018). One of the 

major drawbacks with using BrdU is that it is usually requires an intraperitoneal injection, which 

would not be possible in K. marmoratus owing to their small size and sensitivity to handling. 

However, more recently I discovered methods for bath-labeling small fish and invertebrates with 

BrdU to quantify cell proliferation (e.g., Moore et al., 1994). Given the growing interest in the 

factors that mediate learning and neurogenesis in fishes, repeating this study with nerve-specific 

staining procedures would be valuable.  

 

6.3 Future directions  

Throughout this thesis, I successfully answered many of the questions that I initially 

posed, but, as always, new and exciting research avenues have subsequently emerged. First, in 

my thesis I focused on a single species, yet there are >200 extant species of amphibious fish with 

impressively diverse physiologies and ecologies. Relatively few studies have explored muscle 

plasticity in amphibious fishes, but there is some evidence to suggest that patterns of skeletal 

muscle remodeling on land may be species-specific. For example, when reared in a terrestrial 

environment, Polypterus senegalus possess a greater proportion of white fibers in the pectoral 

muscles than aquatically-reared fish, which is thought to improve muscle function for “walking” 

on land (Du and Standen, 2017). The P. senegalus findings contrast our work showing that K. 

marmoratus exhibit hypertrophy of red muscle fibers when on land (Brunt et al., 2016; 

McFarlane et al., 2019; Rossi et al., 2020b). It would be interesting to assess how the skeletal 

muscle of numerous amphibious species remodels in response to air exposure and/or terrestrial 
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exercise to determine whether patterns of remodeling differ based on locomotor strategies, 

emersion behaviour, or other life history characteristics.  

In Chapter 2, one of the most striking results was that aquatic hyperoxia acclimation 

resulted in a transformation of the musculature to include large bands of oxidative-like muscle. 

Several attempts to stain these fibers with succinate dehydrogenase and slow myosin markers 

were only partially successful. Thus, the functional significance and origin of these unusual 

muscle fibers remains unclear. In fishes, muscle tissue can be formed from the production of new 

muscle fibers (hyperplasia) and/or expansion of existing muscle fibers (hypertrophy). During 

early life stages, hyperplastic growth is largely responsible for building muscle mass in fishes. 

Once fish exceed ~40-50% of their ultimate length, however, muscle growth occurs 

predominately through hypertrophy (Johnston, 2006). The fish used in Chapter 2 were fully-

grown adult fish, suggesting that hyperplastic pathways should not play a major role in building 

muscle mass. It would be fascinating to quantify the expression of myogenic regulatory factors 

involved in hyperplasic muscle growth (e.g., myoD, myf-5) in hyperoxia-acclimated fish to 

determine whether the bands of oxidative-like muscle are in fact newly formed fibers. Moreover, 

wild K. marmoratus are often found in eutrophic pools where photosynthetic activity may result 

in hyperoxic conditions during the day, followed by hypoxic conditions at night owing to 

respiratory processes (Dong et al., 2011; Giomi et al., 2019). It is unknown whether diel 

hyperoxia-hypoxia cycles would similarly result in the formation of oxidative-like muscle bands 

in wild K. marmoratus, but this is an interesting question for future study.  

In Chapter 3, I demonstrated that some K. marmoratus strains seek hypoxic microhabitats 

during periods of prolonged air exposure. Interestingly, previous studies from our laboratory 
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have showed that K. marmoratus avoids aquatic hypoxia by emersing (Regan et al., 2011; 

Livingston et al., 2018). What mechanisms allow fish to avoid hypoxia during active periods, but 

favour hypoxic microhabitats during dormancy? One possibility is that hypoxia-seeking and 

hypoxia-avoidance behaviour mediated by some critical endogenous energy store threshold, in 

which fish avoid hypoxic conditions above the threshold, but seek hypoxic conditions below it. 

A direct test of this hypothesis may yield interesting results. Moreover, there are numerous other 

abiotic factors that may interact with hypoxia to enhance metabolic depression in K. 

marmoratus. For example, in mangrove swamps, low O2 environments are often accompanied by 

hydrogen sulphide (H2S), as I showed in a field study to the mangrove forests in Long Caye, 

Belize (Rossi et al., 2019b). If the microhabitats occupied by K. marmoratus during seasonal 

droughts are both hypoxic and H2S-rich, we might expect a more profound metabolic depression 

because H2S inhibits aerobic metabolism K. marmoratus, as we showed in a laboratory study 

(Cochrane et al., 2019). We currently know very little about how microhabitat conditions can 

alter the metabolic physiology of emersed K. marmoratus and of dormant animals more broadly. 

A major question that emerged in Chapter 4 is why the hypertrophy of red but not white 

muscle fibers improves the terrestrial jumping ability of K. marmoratus when jumping appears to 

be a ‘burst’ form of locomotion. Broadly, the exercise performance of fishes can been grouped 

into three categories: sustained, burst and prolonged (Beamish, 1978; Plaut, 2001; Kieffer, 

2010). Sustained exercise is powered by aerobic muscle and can be maintained for long periods 

of time (>200 min), whereas burst exercise is powered by anaerobic muscle and results in fatigue 

after only a few seconds (Brett, 1967). Thus, the jumping performance of K. marmoratus is 

likely a prolonged exercise, which utilizes both aerobic and anaerobic muscle, lasts between 2 
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and 200 min, and ends in exhaustion. While I suspect that both muscle types are important for 

jumping in K. marmoratus, a direct test of this hypothesis would involve using 

electromyography (EMG) to determine which muscle fibers are recruited as fish jump. The small 

size of K. marmoratus would make inserting electrodes into the red and white muscle very 

challenging, but it may be possible to use larger jumping species (e.g., Cynodonichthys tenuis) to 

address this question. 

In Chapter 5, I found that terrestrial exposure and exercise dramatically altered the spatial 

learning ability of K. marmoratus, and promoted neurogenesis in the dorsolateral pallium. 

However, when seasonal droughts occur, K. marmoratus seek moist terrestrial habitats (e.g., 

rotting logs) and may remain quiescent for weeks at a time in complete darkness (Taylor et al., 

2008). Does the lack of movement and the deprivation of environmental stimuli reverse the 

terrestrial enhancement on neurogenesis and spatial learning? I recently contributed to another 

study (Rossi et al., in preparation) that investigated how prolonged darkness during air exposure 

(21 days) would alter visual acuity in K. marmoratus, as well as neurogenesis the brain region 

linked to visual processing (i.e., optic tectum). Interestingly, we found significantly fewer 

PCNA+ cells in the optic tectum of air-exposed fish after 3 weeks, regardless of whether they 

were maintained on a typical photoperiod (12: 12 light: dark) or in complete darkness. Taken 

together, these studies suggest that brief and prolonged bouts of air exposure can have 

considerable neural consequences for K. marmoratus, but it is unknown whether this 

phenomenon is widespread among amphibious fishes. Understanding how the brain responds to 

various forms of air exposure in extant amphibious fishes remains an exciting area for future 

investigation.  
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6.4 Conclusions 

Moving between aquatic and terrestrial environments poses a number of critical 

challenges for amphibious fishes. Throughout this thesis, I demonstrated that K. marmoratus has 

met many of these challenges by using phenotypic plasticity to create a more favourable match 

between their phenotype and the environment (Fig. 6.1). For example, I showed that adult fish 

remodel their skeletal muscle towards a more aerobic phenotype when on land for weeks (e.g., 

larger red muscle fibers), which in turn is associated with improved terrestrial locomotor 

performance (Rossi al., 2018; Rossi et al., 2020b). In the wild, better terrestrial locomotor 

abilities may allow fishes to more successfully occupy terrestrial habitats by improving their 

ability to disperse, capture prey, or avoid predation. I also demonstrated that repeated exposure 

to terrestrial environments enhanced neurogenesis in K. marmoratus, which was linked to better 

spatial learning abilities (Rossi and Wright, in review). A high capacity for spatial learning is 

particularly important for amphibious fishes because they must learn to navigate in two 

dramatically different environments (i.e., water and land), whereas fully-aquatic fishes must only 

learn to navigate in one. The time frame of terrestrial exposure also proved to be critical, as 

different tissues respond to terrestrial exposure at different rates. For example, the skin of K. 

marmoratus can undergo rapid changes (hours to days; Blanchard et al., 2019), whereas the 

muscle tends to remodel over the course of a few weeks (Rossi et al., 2018) (Fig. 6.1). Taken 

together, the ability to alter physiological and morphological characteristics in response to air 

exposure can play an important role in allowing fishes to temporarily occupy terrestrial habitats.  

Another important finding of this thesis is that the scope for phenotypic plasticity is not 

fixed. I showed that the way in which K. marmoratus alter their physiological and morphological 
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characteristics in response to air exposure can change based on a number of factors, such as 

animal behaviour (e.g., microhabitat selection) and early life experiences (e.g., rearing 

conditions) (Fig. 6.1). For example, if fish preferentially occupy hypoxic microhabitats (e.g., 

rotting logs) during seasonal droughts they would not exhibit the red muscle hypertrophy typical 

of fish maintained under aerial normoxia (Rossi and Wright, 2020), likely because muscle 

remodeling on land is driven by high O2 availability (Rossi et al., 2018). Likewise, fish that 

experience air-water fluctuations during early development have permanently larger red muscle 

fibers than their water-reared counterparts, and therefore do not exhibit red muscle hypertrophy 

as adults (Rossi et al., 2020b).  

My thesis has also demonstrated that it is crucial to step back and consider the ecological 

context of the species under study. Numerous factors work in concert to shape how fishes 

respond to environmental change. Integrating knowledge on the behaviour and habitat of wild 

fish into lab-based studies can therefore be important for revealing ecologically-relevant patterns 

of remodelling in fishes. Additionally, a fundamental goal of physiological ecology is to 

understand the factors that create and maintain phenotypic trait variation within wild populations 

(e.g., Burton et al., 2011). My thesis, in combination with my other published works, 

demonstrate that the age of an individual (Rossi et al., 2019a), its behaviour (Rossi and Wright, 

2020; Rossi et al., 2020b), and early life experiences (Rossi et al., 2020) can all be important 

drivers of phenotypic trait variation among fishes.  
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6.6 Figures 

 

Figure 6.1. Plastic changes exhibited by Kryptolebias marmoratus in response to i) short bouts 

of air exposure (days), ii) short, but repeated bouts of air exposure, and iii) long bouts of air 

exposure (weeks). Numerous factors (e.g., behaviour, rearing conditions) work in concert to 

shape how K. marmoratus responds to air exposure. Abbreviations: NEC = neuroepithelial cell, 

Hb = hemoglobin. 


	Abstract
	Acknowledgements
	Statement of Authorship and Contributions to Science
	Table of Contents
	List of Figures
	Chapter 1: General Introduction
	1.1 Introduction
	1.2 Locomotion in terrestrial habitats
	1.3 Skeletal muscle in fishes
	1.4 Skeletal muscle plasticity
	1.5 Thesis Overview
	1.6 References
	1.7 Figures

	Chapter 2: Oxygen drives skeletal muscle remodeling in an amphibious fish out of water
	2.1 Abstract
	2.2 Introduction
	2.3 Methods
	Experimental animals
	Experimental protocol
	Hyperoxia
	Hypercapnia
	Hypoxia
	Temperature
	Air and fasting
	Analysis
	Statistics

	2.4 Results
	2.5 Discussion
	Perspectives

	2.6 References
	2.7 Figures
	2.8 Supplemental Material

	Chapter 3: Hypoxia-seeking behavior, metabolic depression and skeletal muscle function in an amphibious fish out of water
	3.1 Abstract
	3.2 Introduction
	3.3 Methods
	Experimental animals
	Experimental protocol
	Series 1
	Series 2
	Series 3
	Statistical analyses

	3.4 Results
	Environmental O2 preference
	O2 consumption and body condition
	Energy reserves
	Muscle phenotype
	Jumping performance

	3.5 Discussion
	Microhabitat selection and O2 consumption
	Endogenous fuel usage
	Muscle phenotype and locomotion
	Perspectives

	3.6 References
	3.7 Figures
	3.8 Supplemental Material

	Chapter 4: Fluctuating environments during early development can limit adult phenotypic flexibility: insights from an amphibious fish
	4.1 Abstract
	4.2 Introduction
	4.3 Methods
	Experimental animals
	Experimental protocol
	Neuroepithelial cell density and size, and whole-body hypoxia sensitivity
	Cutaneous capillarity and gill morphology
	Ventricle size and red muscle capillarity
	Red skeletal muscle phenotype
	Terrestrial locomotor performance
	Statistical analyses

	4.4 Results
	Neuroepithelial cell density and size, and whole-body hypoxia sensitivity
	Cutaneous capillarity and gill morphology
	Ventricle size and red muscle capillarity
	Red skeletal muscle phenotype
	Terrestrial jumping performance
	Summary

	4.5 Discussion
	O2 sensing
	O2 uptake and transport
	O2 utilization and aerobic performance
	Conclusions and perspectives

	4.6 References
	4.7 Figures
	4.8 Supplemental Material

	Chapter 5: Leaving water makes fish smarter: Terrestrial exposure and exercise improves spatial learning in an amphibious fish
	5.1 Abstract
	5.2 Introduction
	5.3 Methods
	Experimental animals
	Experimental protocol
	Neurogenesis
	Statistical analyses

	5.4 Results
	5.5 Discussion
	Improved ‘smarts’ before spatial learning trials
	Spatial learning improved with terrestrial sojourns
	Perspectives

	5.6 References
	5.7 Figures
	5.8 Supplemental Material

	Chapter 6: General Discussion
	6.1 Major findings
	6.2 Thesis limitations
	6.3 Future directions
	6.4 Conclusions
	6.5 References
	6.6 Figures


